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FOREWORD 
This  t e c h n i c a l  r e p o r t  was prepared by t h e  Avco Corpora t ion ,  Systems 
Div i s ion ,  Wilmington, Massachuse t t s ,  on Con t rac t  No. NAS1-9939 f o r  t h e  
NASA/Langley Research Cen te r ,  Langley S t a t i o n ,  Hampton, V i r g i n i a .  The 
work r e p o r t e d  w a s  accomplished under t h e  t e c h n i c a l  cognizance of M r .  
J .  Hoe l l ,  M r .  J .  Burlock and M r .  R.  Hess. The a u t h o r s  expres s  apprec i a -  
t i o n  t o  t h e s e  i n d i v i d u a l s  f o r  t h e i r  a c t i v e  in te res t  i n  t h e  p r e s e n t  work 




This  r e p o r t  documents a n  i n v e s t i g a t i o n  o f  quas i - s teady  MPD propul- 
s i o n  a t  power l e v e l s  i n  t h e  range  1 t o  10  megawatts. An axisymmetr ic  
c o n f i g u r a t i o n  is used f o r  t h e  MPD t h r u s t e r ,  ( 3  i n c h  anode,  3 / 4  inch  
ca thode ) ,  and a complete l a b o r a t o r y  assembly p rov ides  c u r r e n t  p u l s e s  i n  
t h e  range  5 t o  50 ki loamperes  and p r o p e l l a n t  p u l s e s  i n  t h e  range  ze ro  t o  
30 gm/sec a rgon ,  w i th  t y p i c a l  du ra t ions  about  1 m i l l i s e c o n d .  
t o  a rgon ,  a l l  o t h e r  noble  gases  have been i n v e s t i g a t e d  as p r o p e l l a n t s .  
Empir ica l  o b s e r v a t i o n s ,  suppor ted  a l s o  by an a n a l y t i c a l  d i s c u s s i o n ,  show 
t h a t  t h e  squa re  of t h e  MPD c u r r e n t  d iv ided  by t h e  mass f low rate is a 
ve ry  impor tan t  parameter .  T h i s  parameter has  a c r i t i c a l  l i m i t ,  above 
which t h e  o p e r a t i o n  of t h e  t h r u s t e r  becomes i n c r e a s i n g l y  unacceptab le .  
This  l i m i t  ha s  been found t o  depend i n v e r s e l y  on t h e  squa re  r o o t  of t h e  
molecular  weight of t h e  p r o p e l l a n t .  
I n  a d d i t i o n  
Eva lua t ion  of t h e  MPD t h r u s t e r  is  c a r r i e d  o u t  by means of MPD 
e l e c t r o d e  c a l o r i m e t r y ,  f low v e l o c i t y  measurements, and impulse b i t  meas- 
urements.  Numerous conc lus ions  a r e  drawn from d a t a  a n a l y s i s .  These 
conc lus ions  are  then  summarized and t h e i r  i m p l i c a t i o n s  are examined 
r e g a r d i n g  t h e  performance of a high-power, quas i - s teady  MPD propu l s ion  
system. The most s e r i o u s  q u e s t i o n ,  i n  t h e  suppor t  subsystems,  i s  t h e  
problem of energy s t o r a g e  i n  a c a p a c i t o r  bank. 
tests and e v a l u a t i o n  of commercially a v a i l a b l e  c a p a c i t o r s ,  is  r e p o r t e d  
i n  t h e  Appendix. 
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I. INTRODUCTION 
The general objective of the work reported here is to establish the 
technical background necessary for the evaluation of a repetitively 
pulsed, high-power, quasi-steady MPD propulsion system. Particularly, 
the following topics are investigated: 
(a) Design, assembly and tests of laboratory model of the afore- 
mentioned MPD system. 
Evaluation of the thruster operation at: 
average powers 1 to 10 kilowatts 
pulse powers 1 to 10 megawatts 
pulse currents 3 to 50 kiloamperes 
pulse durations of the order of 1 millisecond 
rep rates of the order of 1 pps and with various pro- 
(b) 
pellants at rates between zero and 100 gm/sec 
(c) Identification of critical aspects in the operation of the 
MPD thruster. Specifically, identification of current and 
flow rate limitations and the dependence of these limitations 
on the type of the propellant and on the geometry of the 
thruster. 
(d) Evaluation of MPD losses by calorimetric techniques. 
(e) Determination of MPD flow velocity by Doppler-shift measure- 
ments and identification of such measurements with the specific 
impulse, and 
(f) Direct measurements of impulse bits and their evaluation. 
1 
After reporting this work, we review the conclusions and consider 
their implications with respect to the performance of the quasi-steady 
MDP thruster. Finally, we examine briefly the support subsystems and 
present in detail (see the Appendix) our findings regarding tests and 
evaluation of commercially available capacitors. 
2 
11. LABORATORY ASSEMBLY OF A HIGH-POWER, PULSED MPD SYSTEM 
T h i s  system h a s  been developed f o r  tes ts  and e v a l u a t i o n  of r e p e t i -  
t i v e l y  pu l sed  MPD t h r u s t e r s ,  under quas i - s teady ,  high-power c o n d i t i o n s .  
Gene ra l ly ,  such  a system i n c l u d e s  an MPD t h r u s t e r ,  a pu l sed  valve, a n  
energy  s t o r a g e  bank, power p rocess ing  equipment and several a u x i l i a r y  
c o n t r o l  dev ices .  An o v e r a l l  view of t h e  system i s  i l l u s t r a t e d  i n  t h e  
b lock  diagram of f i g .  1, w i t h  t h e  main components on t h e  r i g h t  s i d e  of 
t h e  f i g u r e ,  and t h e  c o n t r o l  d e v i c e s  on t h e  l e f t .  
The master t r i g g e r  p rov ides  i n i t i a t i n g  p u l s e s  e i t h e r  s i n g l y  a t  w i l l ,  
o r  r e p e t i t i v e l y  a t  r ep  rates i n  t h e  range 0 t o  10  pps.  One p a r t  of t h e  
i n i t i a t i n g  p u l s e  i s  used t o  p rov ide  a g a t e  which t u r n s  t h e  cha rg ing  power 
swi t ch  o f f ,  f o r  a s h o r t  t i m e ,  r e l a t i v e  t o  t h e  i n t e r v a l  between p u l s e s .  
A second p a r t  of t h e  i n i t i a t i n g  pu l se  i s  de layed  by d e l a y  No. 1. The 
de layed  t r i g g e r  t hen  a c t i v a t e s  t h e  pulsed  valve through t r i g g e r  box 
No. 3 ,  and p rov ides  t h e  m pu l se .  
s a r y  b e f o r e  t h e  p u l s e  power i s  t r i g g e r e d .  This  is  provided by d e l a y  
No. 2 ,  which f e e d s  t r i g g e r  boxes 1 and 2 ,  and the reby  act ivates  simul- 
t a n e o u s l y  t h e  a u x i l i a r y  breakdown of t h e  MPD gap and t h e  s w i t c h  of t h e  
main power. 
Furthermore,  a f u r t h e r  d e l a y  i s  neces- 
S t r a i g h t f o r w a r d  v e r s i o n s  of  l a b o r a t o r y  power s u p p l i e s  are employed 
f o r  cha rg ing  t h e  c a p a c i t o r  bank, through a s imple  e lec t ro-mechanica l  
swi tch .  The c a p a c i t o r  bank is  s t r u c t u r e d  as a p u l s e  forming network (PFN) 
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Figure 1 BLOCK DIAGRAM OF THE LABORATORY MPD SYSTEM 
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discharged, through an ignition switch, into the primary of a power pulse 
t r r  LLaasf~riiter. This transformer is naturally necessary for matching the 
pulsed M P D  impedance to the P F N  impedance. Finally, the role of the MPD 
Breakdown Transformer is to couple the MPD electrodes a high voltage 
(1000 to 2000 volts) low energy (few joules) pulse, which is employed 
for the auxiliary breakdown. 
A. THRUSTER CONFIGURATION 
The thrusters employed in this program have a configuration quite 
similar to those employed in recent studies of high-power, quasi-steady 
MPD accelerators. This is desirable to relate our work with the various 
studies and diagnostics, documented in refs. 1 to 6 .  A schematic pre- 
sentation of a typical thruster is given in fig. 2a, and pictures of an 
actual thruster in use are presented in figs. 2b and 2c. 
A typical plenum configuration is cylindrical, about 4 inches I D  
and 2 inches deep. It is lined with a quartz cylindrical insulator, 
4 inches OD with a 2 millimeter wall thickness. The backplate of the 
plenum is also insulated by 1/8-inch thick boron nitride plate. This 
plate has about 24 evenly spaced holes  (about 1/4-inch diameter) which 
allow the gas propellant to be fed to the acceleration region. 
drum (about 1/2-inch deep), not shown in fig. 2a, is situated behind the 
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Figure 2a SCHEMATIC PRESENTATION OF A TYPICAL HIGH-POWER, 
QUASI-STEADY MPD THRUSTER 
Typical  ca thode  and anode c o n f i g u r a t i o n s  are e v i d e n t  i n  t h e  s k e t c h  
of f i g .  2a. The cathode r o d ,  314-inch d i a m e t e r ,  h a s  a t h o r i a t e d  t u n g s t e n  
t i p  and i s  s i t u a t e d  approximately midway i n  t h e  plenum. The anode i s  a 
114-inch copper p l a t e  w i t h  a 3-inch o r i f i c e  and a 7-inch 0. 
B. PULSED FLOW RATE 
The importance of w e l l  d e f i n e d  p u l s e s  of p r o p e l l a n t  f l o w  r a t e  has  
been d i scussed  i n  r e f .  1. I n  t h e  same r e f e r e n c e  t h e  development of  a 
pu l sed  va lve  assembly, from commercially a v a i l a b l e  hardware,  i s  d e s c r i b e d ,  
and a d e t a i l e d  p r e s e n t a t i o n  i s  made of t h e  d i a g n o s t i c s  of t h e  m p u l s e s .  
Here w e  document b r i e f l y  some a d d i t i o n a l  developments.  
One improvement h a s  been t h e  replacement  of t h e  power f l i p - f l o p ,  
used t o  a c t i v a t e  and d e a c t i v a t e  t h e  p u l s e  v a l v e .  T h i s  h a s  been r e p l a c e d  
Figure 2b HEAD-ON VIEW OF A THRUSTER, AFTER MANY 
THOUSAND PULSES 
The drilled, boron nitride backplate and the cathode tip 
may be seen through the orifice of the anode plate 
Figure 2c SIDE VIEW OF A THRUSTER ASSEMBLY 
plenum, backplate, valve and small 
propellant tank 
From left to right: Anode plate, cylindrical 
7 
by t h e  r e l a t i v e l y  s imple  c i r c u i t r y  shown i n  f i g .  3 .  I n  e s sence  h e r e  a 
c a p a c i t o r ,  ranging  from 1 0  t o  100 mic ro fa rads ,  i s  charged a t  v o l t a g e s  
200 t o  300 v o l t s  and then  d i scha rged  through t h e  v a l v e  c o i l .  Th i s  may 
be  done e i t h e r  s i n g l y  a t  w i l l ,  o r  r e p e t i t i v e l y  a t  any d e s i r e d  r e p  ra te .  
The v a l v e  i s  a c t i v a t e d  as soon as  t h e  c a p a c i t o r  d i s c h a r g e  i s  i n i t i a t e d ,  
and an  automatic  v a l v e  d e a c t i v a t i o n  i s  provided when t h e  c a p a c i t o r  has  
been d ischarged .  
The advantages of t h i s  arrangement are  numerous. The most impor tan t  
i s  t h e  r e l a t i v e l y  s h o r t  and w e l l  d e f i n e d  p u l s e s  of p r o p e l l a n t  f low,  as 
i l l u s t r a t e d  i n  f i g .  4 .  Addi t iona l  advantages  a r e  s i m p l i c i t y ,  compact- 
n e s s ,  l i g h t  weight  and e s p e c i a l l y :  a r e l a t i v e l y  small  amount of energy 
f o r  a c t i v a t i o n .  Arrangements of t h i s  t ype  have been used t o  p rov ide  
f a i r l y  r e c t a n g u l a r  p u l s e s  o f  a few m i l l i s e c o n d  d u r a t i o n  and of a m n l i -  
t ude  i n  t h e  range  z e r o  t o  30 gm/sec f o r  any gas .  
i s  s t r a i g h t f o r w a r d .  
Extens ion  t o  100 gm/sec 
C .  ENERGY STORAGE AND POWER PROCESSING 
I n  t h e  main l a b o r a t o r y  model of t h e  pu l sed  XPD system, t h e  p u l s e  
energy i s  s t o r e d  i n  20 x 200 microfarad  c a p a c i t o r s  r a t e d  up t o  4000 v o l t s .  
Th i s  t o t a l  capac i t ance  of 4000 micro fa rads  i s  d i s t r i b u t e d  i n  f o u r  sec-  
t i o n s  of a p u l s e  forming network (PFN) and may s t o r e  a p u l s e  energy up 






























The PFN i s  a s t r a i g h t f o r w a r d  f o u r  s e c t i o n ,  vo l tage- fed  network w i t h  
about  1000 mic ro fa rads  c a p a c i t a n c e  p e r  s e c t i o n .  Four i d e n t i c a l ,  h igh  0, 
i n d u c t o r s  are used and a n  induc tance  p e r  s e c t i o n  i s  a v a i l a b l e  a t  t h e  
nominal va lues  of 3 ,  7 ,  15 ,  30 and 60 mic rohenr i e s  p e r  s e c t i o n .  Under 
t h e s e  c o n d i t i o n s ,  t h e  cor responding  c h a r a c t e r i s t i c  impedance of t h e  PFN 
h a s  t h e  nominal v a l u e s  of 55, 84,  122 ,  173  and 245 mi l l iohms.  The cor- 
responding power p u l s e s  have then  t h e  nominal d u r a t i o n s  of 0 .44,  0 .67,  
1 . 0 ,  1 . 4  and 2.0 m i l l i s e c o n d s .  
I t  i s  q u i t e  ev iden t  t h a t  under such  c o n d i t i o n s  a power p u l s e  t r a n s -  
former i s  necessa ry  f o r  t h e  matching of t h e  aforementioned PFN impedances 
(which a r e  q u i t e  h igh )  t o  t h e  MPD impedance ( i n  t h e  r ange  5 t o  1 5  m i l l i -  
ohms). Such a t r ans fo rmer  h a s  been des igned  by t h i s  l a b o r a t o r y ,  purchased 
and inco rpora t ed  i n t o  t h e  pulsed  MPD system. 
B r i e f l y ,  t h e  t r ans fo rmer  has  a 1 2  m i l  s i l e c t r o n  c o r e ,  w i th  a c ros s -  
s e c t i o n  6 x 6 inches  and a window 7 x 1 3  inches .  There are two i d e n t i c a l  
windings on each l e g  of t h e  co re .  Each winding h a s  f o u r  independent  
c o i l s  : 
Secondary, 20 t u r n s ,  0.010 x 12-inch copper s h e e t  
Primary, 10 t u r n s ,  0.030 x 12-inch copper s h e e t  
Secondary, 20 t u r n s ,  0.010 x 12-inch copper s h e e t  
Secondary, 40 t u r n s ,  0.010 x 12-inch copper  s h e e t  
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Evidently, a very large variety of turn ratios (from 2 : l  to 18:l) 
is avaiiabie, and consequently, impedance transformation ratios of 4 ,  9,  
16, 25, 36, 49, etc. are easily obtainable. 
An example of pulses (current and voltage) is illustrated in fig. 5. 







Step-up Current Ratio 











It is seen that the power pulse is about 6.5 megawatts, and the 
following consistency checks may be applied. The power waveform (prod- 
uct of the two waveforms in fig. 1) integrated over the pulse duration 
gives about 10 kilojoules, which agrees fairly well with the total energy 
stored in the PFN. The small difference is accounted for by losses in 
the switch, transformer windings, leads, etc. Furthermore, the current 
waveform may also be integrated over the duration of the pulse. If the 
(secondary/primary) current ratio of 5 is taken into account, it is found 
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MPD Current Pulse 
12.5 KA/cm,  0 . 5  millisec/cm 
M P D  Voltage Pulse 
5 0  V/cm, 0 . 5  miIl isec/cm 
Figure 5 HIGH-POWER, QUASI-STEADY, MPD PULSE 
Abou t  1.5 millisec at 32 kiloamperes and 
22 grnlsec Argon 
, 
t h a t  t h e  t o t a l  charge  is  about  1 0  coulombs, which a g r e e s  ve ry  w e l l  w i t h  
t h e  amount of s t o r e d  charge.  
The p r e s e n t  arrangement (i.e.,  t h e  1 7 3  mil l iohm PFN and t h e  25 t o  
1 t r a n s f o r m a t i o n  r a t i o )  has  a transformed impedance of 7 mil l iohms and 
has  been used e x t e n s i v e l y  i n  most of t h e  work desc r ibed  i n  t h i s  r e p o r t .  
I n  t h i s  work, t h e  W D  impedance varies between 5 and 10  mil l iohms and 
t h e  r e l a t i v e  mismatch is  g e n e r a l l y  accep tab le .  
D.  SPECIAL ARRANGEMENT FOR IMPULSE MEASUREMENTS 
For w e l l  understood r e a s o n s ,  whenever impulse measurements are neces- 
s a r y ,  a l l  t h e  energy s t o r a g e  and power c o n d i t i o n i n g  equipment must be  
mounted wi th  t h e  t h r u s t e r  on t h e  impulse measuring dev ice ,  i n  t h e  environ-  
menta l  tank.  However, t h i s  equipment, as desc r ibed  i n  t h e  p rev ious  
s e c t i o n ,  has  a weight and s i z e  t o o  l a r g e  t o  be accommodated w i t h i n  any 
r easonab le  f a c i l i t y .  For t h i s  reason ,  s p e c i a l  arrangements  have been 
made f o r  energy s t o r a g e  of power process ing  of t h e  MPD system, which i s  
used f o r  impulse measurements. F i r s t ,  t h e  need of t h e  very  heavy and 
bulky p u l s e  t r ans fo rmer  has  been e l imina ted  by r e p l a c i n g  t h e  p rev ious ly  
desc r ibed  PFN wi th  a n o t h e r ,  having a much lower c h a r a c t e r i s t i c  impedance. 
I n  t h i s  arrangement ,  t h e  p u l s e  energy i s  s t o r e d  i n  a t o t a l  capac i -  
t a n c e  of 0.18 f a r a d s  (96 e l e c t r o l y t i c  c a p a c i t o r s ,  each 1900 mic ro fa rads ,  
r a t e d  a t  400 v o l t s ) .  An energy up t o  1 5  k i l o j o u l e s  may be s t o r e d  f o r  
each pu l se .  These c a p a c i t o r s ,  t oge the r  w i th  a t o t a l  inductance  i n  t h e  
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range 5 to 10 microhenries, form a PFN with a characteristic impedance 
in the vicinity of 7 milliohms and a characteristic pulse duration of  
about 2 milliseconds. This situation is quite acceptable for the high- 
power, quasi-steady MPD. Moreover, as may be seen, the PFN imnedance is 
quite close to the typical MPD impedances. Consequently, no pulse trans 
former is required, and the whole assembly is sufficiently light (about 
200 lbs) for mounting on an impulse measuring device. 
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111. CRITICAL FLOW 
Consider an MPD accelerator operating with a propellant flow rate 
at a current J .  The work reported in this section is related to sev- 
eral very important questions, namely: Is there a critical value of 
( J2 /m)?  
the MPD discharge is starved? 
which demarks starvation, how does it depend on the type of the propel- 
lant? Furthermore, does it depend on the MPD geometry? 
2 Specifically, what is the maximum value of ( J  /A) above which 
Moreover, if there is a value of (j2/1;1 ) 
A. EMPIRICAL OBSERVATIONS 
Experimental work at several laboratories and collective interpre- 
tation of experimental results has established that, for argon, the 
value of (J2/m) 
for argon, is considered as a demarkation of the onset of starvation. 
In other words, when ( J2/m) argon > 40 (KA)2  / g m ,  sec - ' , the MPD is under- 
fed. 
material . 
40 (KA) 2/gm, sec-l appears to be critical. This value, 
The consequences may be ingestion of environmental and/or eroded 
The aforementioned critical value has been established mainly on 
grounds of very unreasonable and very unacceptable consequences, arising 
when the participation of unmetered propellant is not allowed. 
for example refs. 5 ,  7 and 8 ,  where some unrealistic and unacceptable 
results are obtained (in the energy and/or momentum balance of the MPD 
flow) when the ( J  /in) parameter exceeds a value 30 to 50 ( K A ) ~ / ~ I I I ,  sec-l  




For  reasons  of c l a r i t y ,  we  s h a l l  d e s i g n a t e  t h e  r e g i o n  of  h igh  v a l u e s  
of ( J 2 / m )  as t h e  s t a r v a t i o n  r e g i o n  of t h e  MPD o p e r a t i o n .  
t h a t  m i s  t o o  low f o r  a g iven  c u r r e n t  o r  a l t e r n a t i v e l y  t h a t  t h e  c u r r e n t  
J i s  t o o  h igh  f o r  a g iven  A .  S i m i l a r l y ,  w e  s h a l l  d e s i g n a t e  as ove r fed  
an  MPD t h r u s t e r  f o r  which ( J 2 / m )  has  a v a l u e  s u b s t a n t i a l l y  lower than  
t h e  c r i t i c a l  va lue .  
T h i s  i m p l i e s  
It should b e  noted  t h a t  t h e  expe r imen ta l  ev idence  mentioned above 
does n o t  show a sha rp  and c l e a r - c u t  t r a n s i t i o n  from t h e  ove r fed  t o  t h e  
under fed  cond i t ion .  S i m i l a r l y ,  a g r a d u a l  i n s t e a d  of a sha rp  t r a n s i t i o n  
is  observed i n  t h e  e r o s i o n  of t h r u s t e r  material as t h e  v a l u e  of ( J  / A )  2 
is  cont inuous ly  inc reased .  
I n  our exper imenta l  MPD t h r u s t e r ,  w e  have r ep laced  t h e  plenum insu-  
l a t o r s  (made p r e v i o u s l y  of p l a s t i c )  w i t h  q u a r t z  and boron n i t r i d e ,  which 
are n o t  e a s i l y  a b l a t e d .  We have t h u s  a p p r e c i a b l y  reduced t h e  amount of 
t h r u s t e r  m a t e r i a l  which could be i n g e s t e d  as p r o p e l l a n t .  
ground i n  mind, w e  proceeded t o  obse rve  whether  any s i g n s  of d i scomfor t  
and i n s t a b i l i t y  a r e  man i fe s t ed ,  as soon as o p e r a t i o n  i s  a t tempted  a t  
v a l u e s  of ( J2 /m)  above t h e  c r i t i c a l .  
With t h i s  back- 
Represen ta t ive  r e s u l t s  f o r  a rgon  are i l l u s t r a t e d  i n  f i g s .  6 and 7. 
Each frame i n  t h e s e  f i g u r e s  p r e s e n t s  two traces.  
v o l t a g e  a t  50 vol t s /cm,  w h i l e  t h e  c u r r e n t  i s  d i s p l a y e d  i n  t h e  lower 
t r a c e  a t  about  5 KA/cm. Both traces,  a t  0.5 m i l l i s e c / c m ,  have a common 
t i m e  o r i g i n .  












- I  rn, sec 
7 .5  gm/sec Argon 
17 KA 
38 ( K A )  /am, sec-1 
7 .5  gm/sc 
19 K A  
48 ( K A ) ~  





g m ,  sec - I  
17 
m = 1 . 4 g m / s e c  Argon 
J = 6 K A  
( J 2 / m )  = 26 ( K A I 2 B m ,  s a - '  
m = 1.4 g m / s e c  A r g o n  
J = t 3  K A  
( J 2 / m )  = 46 ( K A I 2 / g m , s e c - l  
m = 7 .5  g m / s e c  Argon 
J = 13 KA 
( J 2 / m )  23 ( K A ) 2 / g m , s e c - I  
Figure 7 MPD CURRENT (LOWER TRACE) AND VOLTAGE PULSES AT 
0.5 millisec/cm 
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It is obvious in the examples of figs. 6 and 7 that whenever (J2/m) 
7 
exceeds the value of 40 ( ~ ~ ) ' / g m ,  sec-' (believed to be the critical value 
for argon) the MPD voltage jumps very substantially and becomes clearly 
unstable. This is so for virtually any combination of j2 and m that has 
a ratio larger than the aforementioned critical value. The transition, 
interpreted tentatively as the onset of starvation, appears to be quite 
sharp, as may be seen by comparing the middle with the lower frame in 
fig. 6 .  
Motivated by these observations, we decided to extend these experi- 
ments over a wide range of available propellants. Representative results 
are illustrated in figs. 8 to 11 for xenon, neon, krypton and helium. 
In all cases, critical values of ( J2/m) were found, which depend roughly 
on the molecular weight to the minus one-half power. Results for diatomic 
and polyatomic molecules, e.g., N 2 ,  "3, etc., are not as clear-cut as 
for the noble gases. 
The general range of conditions (i.e., J2  and m values) is shown in 
2 fig. 12, which illustrates the critical values of J versus m for three 
different propellants. It is easily checked that ( J * / m )  has a constant 
value, which depends on the propellant only. In fig. 12, the upper-left 
region is identified as the starvation region, while overfeed should be 
associated with the lower right. The 
is provided by the straight line, for 
so-called critical value of ( J  /m).  
2 
demarkation between the two regions 
each propellant, which defines the 
. 
19 
m = 13.0 g m / s e c  Xenon 
J = 14.5 K A  
(J2 /m)  = 16 ( K A ) 2 / g m ,  sec- '  
m = 13.0 g m / s e c  Xenon 
J = 17 K A  
( J 2 / m )  = 22 ( K A I 2 / Q m ,  s e c - l  




m =  
J =  
2 . 5  grn/sec Neon 
12 K A  
58 ( K A I 2 / g r n ,  scc- 
2 . 5  g m /  
14.5 K A  





g m ,  sec-1 
Figure 9 MPD CURRENT (LOWER TRACE) AND VOLTAGE PULSES AT 
0.5 rnillisec/crn 
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m = 5 . 2  gm/sec Krypton 
J = 14 K A  
(J  2 / m )  = 38 ( K A ) 2 / g m , s e c - 1  
m 11.0 g m / s e c  Krypton 
J = 16.5 K A  
( ~ 2 / i n )  = 2 5  ( K A I ~ / ~ ~ ,  sec-1 
m = 11.0 g m / s e c  Krypton  
J = 17.5 K A  
( J 2 / m )  = 28 ( K A l 2  / g m ,  s e c - I  
Figure 10 MPD CURRENT (LOWER TRACE) AND VOLTAGE PULSES AT 
0.5 rnillisec/cm 
m = 1 .2  gm/sec  Helium 
J = IO KA 
i j 2 / m )  = 84 ( K A ) ~  /om,  sec- I  
m = 1.2 gm/sec H e l i u m  
J = 14.5 KA 
( J 2 / m )  = 175 ( K A I 2 / g m ,  s e c - I  

































































































B. ANALYTICAL DISCUSSION 
T h e  aforementioned experimental results are summarized in fig. 13, 
where we plot the observed critical values of (J2/m) versus the molecu- 
lar weight, M .  The curve fit in this figure represents a (M-') depend- 
ence, fitted arbitrarily for argon. Good agreement is obvious. 
Because of this good agreement, and because of the substantial 
additional and independent evidence for argon (refs. 5, 7 and 8 ) ,  we 
would like to outline here an analytical discussion which, although not 
thoroughly understood, provides a very interesting background. 
Consider Eq.  (1): 
where: 
respectively the mass flow rate, the molecular weight and ionization 
potential of the propellant; and F is the self-magnetic force (not 
necessarily the thrust). N, and e are constants having respectively 
the values: 6 x particles/mole and 1.6 x MKS/electron charge. 
Pflow represents the power invested in the flow; A, M andVi are 
The second term in Eq.  (1) represents the kinetic power of the 
flow, while the first term is responsible for the power expended for 
ionization. 
In essence then, we have assumed, in E q .  (l), that the flow has two 
principal degrees of freedom which share the flow power 






power should  be  t h e  e lec t r ica l  input  power, reduced by t h e  e l e c t r o d e  
1 _" "_" --a I ,J 1.1 -* by --a: .. C J  -- 
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Under o the rwise  f i x e d  cond i t ions  we  see t h a t  P i n  Eq. (l), 
depends on i. Moreover, we may expect a r e l a t i v e l y  s t a b l e  MPD c o n d i t i o n  
when Pflow is  minimized, (minimum d i scha rge  v o l t a g e ) ,  i n  o t h e r  words 
when: 
flow ' 
From Eqs .  (1) and ( 2 )  w e  e a s i l y  ob ta in :  
(F/m) = (2eN,)% (V;/M)% ( 4 )  
Furthermore,  w e  reca l l  t h e  express ion  which g i v e s  t h e  se l f -magnet ic  
f o r c e ,  F ,  i n  terms of t h e  MPD cur ren t  J ,  and geometry: 
2 F = b J  
where r A  and r c  are t h e  MPD anode and cathode r a d i i .  
e x p r e s s i o n  f o r  t h e  parameter  ( J  /m) may be  de r ived  now by a combination 
of E q s .  ( 4 )  and (5) :  
An a n a l y t i c a l  
2 
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W e  may now p l o t  t h i s  a n a l y t i c a l  e x p r e s s i o n  of ( J 2 / m )  v e r s u s  t h e  
p r o p e l l a n t  p r o p e r t i e s .  For t h i s ,  w e  need a numerical  v a l u e  f o r  t h e  MPD 
geometry c o n s t a n t ,  b .  In o u r  case (3-inch anode r a d i u s ,  3/4-inch c a t h o d e ) ,  
b e q u a l s  approximately 2 x MKS. Accordingly,  w e  o b t a i n  t h e  cu rve  
g i v e n  i n  f i g .  14 .  Here w e  compare Eq. ( 7 )  w i t h  t h e  expe r imen ta l  obser-  
v a t i o n s  summarized i n  t h e  l a s t  s e c t i o n .  
A s  may be s e e n  i n  f i g .  1 4 ,  t h e  agreement of t h e  expe r imen ta l  d a t a  
w i t h  t h e  curve g iven  by Eq. ( 7 )  i s  q u i t e  good. However, w e  c o n s i d e r  
t h i s  agreement a t  b e s t  f o r t u i t i o u s ,  i n  view of t h e  c rudeness  of t h e  
a n a l y t i c a l  model. F u r t h e r  concern,  r e g a r d i n g  t h e  c rudeness  o€ t h e  an- 
a l y t i c a l  model, arises when w e  c o n s i d e r  t h e  power i n  t h e  f low,  g iven  by 
Eq. (1). When c o n d i t i o n  ( 2 )  i s  s a t i s f i e d ,  t hen  t h e  power i n  t h e  flow 
h a s  a value P , which i s  d e s i g n a t e d  h e r e  as c r i t i c a l ,  simply because i t  
corresponds t o  t h e  c r i t i c a l  v a l u e  of ( J ~ / A ) .  It f o l l o w s  from Eqs. (l), 
( 3 ) ,  (5) and ( 7 )  t h a t :  
C 
pc 2- 2 N , e ( V ; / M ) m  - (F2/m) ~ b 2  (J2 /m)c , i t  J 2  
i s  t h e  c r i t i c a l  v a l u e  g i v e n  by ( 7 ) .  2 where ( J  /A 1 crit 
W e  may now compare t h e  a n a l y t i c a l  p r e d i c t i o n  of Eq. (8) w i t h  expe r i -  
m e n t a l l y  d e r i v e d  v a l u e s  of t h e  power i n  t h e  flow. T h i s  i s  done i n  
t a b l e  I. 
l a t e  t h e  e l e c t r i c a l  i n p u t  power J V .  
In t h i s  t a b l e ,  w e  c o n s i d e r  r e p r e s e n t a t i v e  c a s e s  and w e  ca l cu -  
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of t h e  power i n  t h e  f low,  a f t e r  s u b t r a c t i n g  about  55 p e r c e n t  t o  account 
f o r  losses.* 
P ’  and a r e  t a b u l a t e d  i n  t a b l e  I. 
t h e  v a l u e  of t h e  a n a l y t i c a l  express ion  of Eq.  (8).  
These expe r imex tz l ly  es t imated  values a r e  desigi ia ted by 
The l a s t  column i n  t h i s  t a b l e  g i v e s  
It i s  obvious t h a t  t h e  r e s u l t s  of t h i s  comparison are only  p a r t i a l l y  
s a t i s f a c t o r y .  However, as w i l l  be  seen i n  t h e  fo l lowing  d i s c u s s i o n ,  a 
r e l a t i v e l y  poor p r e d i c t i o n  of P does n o t  n e c e s s a r i l y  imply a poor pre- 
C 
d i c t i o n  of ( j L / A )  . 
crit 
W e  make h e r e  a few remarks regard ing  t h i s  d i screpancy .  Our f i r s t  
remark i s  t h a t  each of t h e  two terms appear ing  i n  Eq .  (l), i s  a ve ry  
c rude  approximation.  The f i r s t  term, f o r  example, assumes cha t  a l l  t h e  
p r o p e l l a n t  m i s  i o n i z e d  and t h a t  each i o n i z a t i o n  r e q u i r e s  an energy cor- 
responding t o  t h e  i o n i z a t i o n  p o t e n t i a l , V i  . A more r e a l i s t i c  approxima- 
t i o n  should  r e q u i r e  a f a c t o r :  
of t h e  f i r s t  t e r m  i n  Eq. (1). I n  o the r  words t h e  power i n p u t ,  (o the r  
than  k i n e t i c ) ,  i n t o  t h e  gas  should be g iven  by: 
( f l g l  + f2g2  + f 3 g 3  ) t o  appear  i n  f r o n t  
where f l ,  f2 and f are f r a c t i o n s  of &, vary ing  from zero  t o  100 pe rcen t .  
Each of  t h e s e  f r a c t i o n s  corresponds t o  i o n i z a t i o n ,  d i s s o c i a t i o n  ( i f  
3 
a p p l i c a b l e ) ,  and h e a t i n g .  The f a c t o r s  g 
above expres s ion ,  correspond t o  t h e  amount of energy r e q u i r e d  f o r  
g2 and g 3 ,  appear ing  i n  t h e  
1 ’  
a 
T h i s  f igure  for  l o s s e s  is not  arbitrary. A s  will  b e  seen la te r ,  the calor imetr ic  measurements  repor:ed here  
just i fy  t h i s  genera l  l e v e l  of l o s s e s  for t h e  range of conditions in tab le  I .  
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i o n i z a t i o n ,  d i s s o c i a t i o n  and h e a t i n g  (expressed  i n  terms of  t h e  ion iza -  
t i o n  p o t e n t i a l ) .  Moreover, t h e  h e a t i n g  t e r m  may b e  expanded t o  i n c l u d e  
r a d i a t i o n  l o s s e s ,  i f  necessa ry .  
A s  an example, c o n s i d e r  a case w i t h  90 p e r c e n t  i o n i z a t i o n  ( i . e . ,  
f l  
t h e  i o n i z a t i o n  p o t e n t i a l  energy ( i . e .  
and assuming t h a t  a l l  t h e  p r o p e l l a n t  ( i o n s ,  e l e c t r o n s  and n e u t r a l s )  i s  
hea ted  t o  a tempera ture  about  (1/10)  of t h e  i o n i z a t i o n  p o t e n t i a l ,  w e  
a r r ive  a t  a v a l u e  of ( f lgl  + f2g2 
= 0.9)  and assume t h a t  t h e  g e n e r a t i o n  of each i o n  p a i r  r e q u i r e s  t w i c e  
= 2 ) .  I gnor ing  d i s s o c i a t i o n ,  ’ g l  
+ f3g3  ) approximate ly  equa l  t o  2 .  
S imi la r  remarks may be  made r ega rd ing  t h e  k i n e t i c  p a r t  of t h e  power 
i n p u t .  Thus i n  Eq. ( l ) ,  w e  assumed t h a t  t h e  f o r c e ,  F ,  a c t s  uniformly on 
a l l  t h e  p r o p e l l a n t  f low r a t e  m .  Consequent ly ,  t h e  r e q u i r e d  k i n e t i c  power 
i n p u t  w a s  ( F  / 2 m ) .  However, i n  r e a l i t y  i t  i s  more l i k e l y  t h a t  t h e  pro- 
p e l l a n t  flow rate a c q u i r e s  momentum i n  a nonuniform f a s h i o n .  A s  w e  w e l l  
know, t h e  power r e q u i r e d  f o r  t h i s  case i s  h i g h e r  t han  F / 2 m .  For example, 
t h e  k i n e t i c  power must be  i n c r e a s e d  by about  50 p e r c e n t ,  above t h e  amount 
r e q u i r e d  f o r  uniform a c c e l e r a t i o n ,  i f  about  10 p e r c e n t  of t h e  p r o p e l l a n t  
i s  a c c e l e r a t e d  t o  4 t i m e s  t h e  v e l o c i t y  of t h e  o t h e r  90 pe rcen t  of t h e  
p r o p e l l a n t ,  provided t h a t  i n  bo th  cases t h e  same f o r c e ,  F ,  a c t s  on t h e  
t o t a l  m. 
i ng  t o  the  e lec t ro-magnet ic  f o r c e ,  F , may be  h i g h e r  t h a n  ( ~ ~ / 2 m ) ,  bu t  
o t h e r  f o r c e s  a s  w e l l  may be  a c t i v e ,  r e q u i r i n g  a d d i t i o n a l  power. 
2 .  
2 .  
Furthermore,  n o t e  t h a t  n o t  on ly  t h e  k i n e t i c  power correspond- 
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where t h e  f i r s t  term accounts  f o r  a l l  power inpu t  ( o t h e r  than  k i n e t i c ) ,  
w h i l e  t h e  second t e r m  i s  t h e  k i n e t i c  power. Equat ion ( l ) ,  d i scussed  
ear l ier ,  i s  a s p e c i f i c  example of Eq. (9) ,  i n  f a c t  t h e  simpler-most 
example. The power g iven  by Eq.  (9)  is minimized, w i th  r e s p e c t  t o  m, 
when m has t h e  so -ca l l ed  c r i t i c a l  value:  
and t h e  cor responding  c r i t i c a l  power is: 
It is  e v i d e n t  i n  r e l a t i o n s  (10) and (11) t h a t  t h e  c r i t i c a l  v a l u e  of m ,  
and t h u s  of (J*/m), i s  much less s e n s i t i v e  t o  t h e  a c t u a l  va lues  of A and 
B c o e f f i c i e n t s ,  than  i s  t h e  c r i t i c a l  power; f o r  example, cons ide r  B in -  
c r e a s e d  by a f a c t o r  of 3 and A by a f a c t o r  of 2. The r e s u l t i n g  i n c r e a s e  
of pc i s  by a f a c t o r  of about  2 . 5 ,  whi le  mc i n c r e a s e s  by only  2 2  pe rcen t .  
Accord ingly ,  a f a i r l y  good p r e d i c t i o n  of mc , and thus  of ( J 2 / m )  
i s  compat ib le  w i t h  a ve ry  poor p r e d i c t i o n  of t h e  cor responding  p . 
crit ' 
3 3  
C. CONCLUDING REMARKS 
Regardless of the agreement or disagreement of the experimental 
results with analytical predictions, we should keep in mind here that 
the experimental evidence indicates clearly the existence of a critical 
value of ( J 2 / m ) ,  above which the MPD discharge becomes increasingly 
unstable and erratic. This demarkation a l s o  coincides with increasing 
evidence of erosion andlor ingestion and is tentatively identified here 
as the onset oftheMPD starvation region. Moreover, the critical value 
of ( J2/m ) decreases monotonically, approximately as the square root of 
the molecular weight increases. 
Figure 15 presents again our experimental results, and extrapolates 
the existent trend to the molecular weight of mercury. The implication 
here is clear. In MPD operation with heavy propellants, the undesirable 
starvation region may be avoided only at comparatively low values of 
( J 2 / m ) .  
acceptable only at higher flow rates, and therefore at lower nropulsion 
performance when compared with lighter propellants. 























I V .  MPD ELECTRODE CALORIMETRY 
The de te rmina t ion  of MPD e l e c t r o d e  l o s s e s  i s  a ve ry  impor tan t  i t e m  
i n  t h e  eva lua t ion  of MPD t h r u s t e r s .  N a t u r a l l y ,  t h e  most r e l i a b l e  and 
s t r a i g h t f o r w a r d  way t o  de te rmine  t h e s e  l o s s e s  i s  by c a l o r i m e t r i c  tech-  
n iques ,  e s p e c i a l l y  of t h e  s t e a d y - s t a t e  type .  
I n  t h e  work r e p o r t e d  h e r e ,  t h e  high-power, quas i - s teady  P P D  t h r u s t e r  
has  been modif ied f o r  e l e c t r o d e  c a l o r i m e t r y ,  s imply by making t h e  appro- 
p r i a t e  water  c o o l i n g  p r o v i s i o n s  f o r  t h e  anode and ca thode  s e p a r a t e l y .  
I n  a d d i t i o n ,  p r o v i s i o n s  are a l s o  made f o r  water  f low r a t e  measurements 
and f o r  water  tempera ture  measurements. 
I n  a c t u a l  p r a c t i c e ,  w e  employ t h e  MPD system d e s c r i b e d  i n  Sec- 
t i o n  I1 and p u l s e  i t  r e p e t i t i v e l y ,  u n t i l  t h e  power l o s t  t o  t h e  ca thode  
and t o  the  anode r each  s t e a d y  s ta te .  Due t o  t h e  s u b s t a n t i a l  h e a t  
c a p a c i t y  of t h e s e  e l e c t r o d e s ,  s t e a d y  s t a t e  i s  reached on ly  a f t e r  s e v e r a l  
minutes  of cont inuous  p u l s i n g  a t  r e p  ra tes  of t h e  o r d e r  of 1 pps. 
Each exper imenta l  run ,  a t  a p r e s e t  r e p  r a t e  r ,  i n c l u d e s  the u s u a l  
measurements of  t h e  mass f low r a t e  m ,  t h e  MPD p u l s e  c u r r e n t  and v o l t a g e ,  
J and V,  and t h e  p u l s e  d u r a t i o n , t d  . Simul taneous ly ,  t h e  e l e c t r o d e  
l o s s e s  a r e  monitored as a f u n c t i o n  of  t i m e ,  and when a s t e a d y  s t a t e  be- 
comes ev iden t ,  t h e  average  anode and ca thode  l o s s e s ,  , '  QAx' and ': Qc , are  
measured. 
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From t h e  p u l s e  c u r r e n t  and v o l t a g e ,  w e  d e r i v e  t h e  p u l s e  power: 
P = J V .  Moreover, t h e  average  power i n p u t  i s  ob ta ined  from: 
< P >  = a P  
where : 
td (13 )  a = r e  
is  t h e  duty c y c l e  i n  t h e  r e p e t i t i v e  ope ra t ion .  Thus, t h e  aforementioned 
measurements g ive  us  the :  
F r a c t i o n a l  Anode Loss  = < QA > / < P > ( 1 4 )  
and the :  
F r a c t i o n a l  Cathode Loss = < Q c ' / < P >  (15) 
The f r a c t i o n a l  t o t a l  l o s s  i s  n a t u r a l l y  t h e  sum of  Eqs. (14)  and (15) .  
Furthermore,  w e  may d e r i v e  t h e  important  parameters ,  namely t h e  equiva- 
l e n t  anode and ca thode  drops ,  as fol lows:  I f  t h e  ave rage  l o s s e s  < Q A >  
and <QC>are  d iv ided  by t h e  duty  cyc le ,  w e  o b t a i n  t h e  cor responding  
l o s s e s  du r ing  t h e  pu l se :  
QA = < QA > / a  
These l o s s e s  may be  thought  of as t h e  p roduct  of t h e  p u l s e  c u r r e n t  t i m e  
an e q u i v a l e n t  v o l t a g e  f a l l .  Accordingly: 
and 
vc = ( Q ~ / J )  
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These r e l a t i o n s  a r e  a p p l i e d  t o  o u r  expe r imen ta l  d a t a ,  which are 
summarized i n  t a b l e  11. A t o t a l  o f  s i x  cases f o r  a rgon  are t a b u l a t e d ,  
each r e s u l t i n g  from several r epea ted  exper imenta l  runs .  A reproduci -  
b i l i t y  of 215 p e r c e n t  h a s  been observed.  I n  t h e  d a t a  of  t h i s  t a b l e ,  w e  
have s e l e c t e d  MPD c u r r e n t s  from about  7 t o  16 k i loamperes  and f low rates 
from less than  1 t o  about  18 gm/sec, argon. 
of ( J 2 / A ) ,  t a b u l a t e d  i n  t h e  l a s t  e n t r y  of t a b l e  11, run  from about  4 t o  
about  80 (KA)2 /gm, sec-l. 
( J 2 / h )  f o r  a rgon ,  which i s  about  40 (KA)2/gm, sec’l. 
The cor responding  v a l u e s  
These va lues  b r a c k e t  t h e  c r i t i c a l  v a l u e  of 
The d a t a  i n  t a b l e  11, a l though  by no means complete.  a r e  q u i t e  
i n t e r e s t i n g .  They suppor t  c e r t a i n  t r e n d s ,  which are documented i n  
f i g s .  16  and 1 7 .  I n  t h e s e  f i g u r e s ,  w e  p l o t  e l e c t r o d e  l o s s e s  v e r s u s  t h e  
impor tan t  parameter ( J  /m), f o r  argon. F ig .  1 6  i l l u s t r a t e s  t h e  f r a c -  
t i o n a l  e l e c t r o d e  l o s s e s .  
(low c u r r e n t s  and /o r  h igh  f low r a t e s ) ,  each of t h e  e l e c t r o d e  l o s s e s  i s  
i n  t h e  v i c i n i t y  of 30 percen t .  
a moderate i n c r e a s e  o f  t h e  anode l o s s ,  w h i l e  a moderate r e d u c t i o n  i s  
e v i d e n t  f o r  t h e  ca thode  l o s s .  A s  a r e s u l t  of t h e s e  t r e n d s ,  t h e  t o t a l  
f r a c t i o n a l  l o s s  shows, o r i g i n a l l y ,  a ve ry  modest d e c l i n e  and e v e n t u a l l y  
l e v e l s  a t  a p l a t e a u  between 50 and 60 pe rcen t .  
2 
We see t h a t  a t  ve ry  low v a l u e s  o f  ( J 2 / m ) ,  
Moreover, as J 2 / A  i n c r e a s e s ,  w e  obse rve  
It is more in fo rma t ive  t o  i n t e r p r e t  t h e  d a t a  i n  terms of e q u i v a l e n t  
anode and ca thode  f a l l s .  A f t e r  app ly ing  r e l a t i o n s  (18) and ( 1 9 ) ,  w e  
p l o t  t h e  r e s u l t s  i n  f i g .  1 7 ,  t o g e t h e r  w i t h  t h e  MPD v o l t a g e  cor responding  
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TABLE II 
,YVI"I--+,~l, I-\,&"" rcI clr .-- - ---- hii i n n  
I L ~ L  CAPWIPLC~ ur biru t L t L  I nODE CALORIMETRY, IN ARGON 
Average Losses are Established in the Steady State, from 
Long Runs of Repetitive Pulsing 
h, gm/sec 
J ,  kiloamps 
v,  v o l t s  
J V ,  megawatts 
Pu l se  Dura t ion ,  m i l l i s e c  
Rep Rate, pps 
Average Inpu t ,  w a t t s  
Average Anode Loss, w a t t s  
Average Cathode Loss, w a t t s  
Average T o t a l  Loss, w a t t s  
Fract.  Anode Loss, percen t  
F rac t .  Cathode Loss, percen t  
Fract.  T o t a l  Loss,  pe rcen t  
Equiv. Anode F a l l ,  v o l t s  
Equiv. Cathode F a l l ,  v o l t s  
( J ~ / A ) ,  (KA) 2 /gm, sec-l 
1 
6 
1 4  
83 
1.16 
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t o  each case. 
s h a r p l y  when t h e  parameter  ( J2 /h )  exceeds a v a l u e  abou t  40 (KA)*/gm, 
sec’’, be l i eved  t o  be t h e  c r i t i c a l  v a l u e  f o r  argon.  However, i t  i s  v e r y  
important  t o  n o t e  t h a t  t h i s  rise i n  MPD v o l t a g e  does n o t  n e c e s s a r i l y  re- 
f l e c t  a h i g h e r  e f f i c i e n c y ,  s i n c e  t h e  e q u i v a l e n t  anode and ca thode  f a l l s  
a l s o  r i se  w i t h  a comparable sha rpness .  
f l e c t e d  i n  t h e  f a c t  t h a t  t h e  f r a c t i o n a l  l o s s e s  ( s e e  f i g .  1 6 )  do n o t  
change apprec iab ly .  
We e a s i l y  n o t e  i n  f i g .  1 7  t h a t  t h e  MPD v o l t a g e  rises 
T h i s  behav io r  i s  n a t u r a l l y  re- 
I n  summary, ou r  expe r imen ta l  evidence s u p p o r t s  t h e  conc lus ion  t h a t  
an  argon, quas i - s t eady  MPD o p e r a t i n g  around one megawatt h a s  a t o t a l  
f r a c t i o n a l  l o s s  about  55 pe rcen t .  T h i s  i s  s o  r e g a r d l e s s  of t h e  in -  
d i v i d u a l  v a l u e s  of MPD c u r r e n t  and f low ra te ,  a t  l eas t  w i t h i n  t h e  r ange  
i n d i c a t e d  i n  t a b l e  XI. 
It i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  t h e s e  t r e n d s  a re  supported by 
independent evidence found i n  o t h e r  l a b o r a t o r i e s ,  see r e f s .  6 and 9 .  
T h i s  evidence, a l though  i n d i r e c t ,  i s  q u i t e  r e l e v a n t  s i n c e  i t  d e a l s  w i t h  
p o t e n t i a l  and c u r r e n t  probing i n  t h e  zones of ca thode  and anode p o t e n t i a l  
f a l l s .  
V. MPD FLOW VELOCITY MEASUREMENTS 
A. INTRODUCTORY REMARKS 
A s  is  w e l l  known, t h e  s p e c i f i c  impulse , ISp  , i s  a very  impor tan t  
parameter  of a high-power, quasi-s teady MPD t h r u s t e r .  There are 
g e n e r a l l y  two exper imenta l  approaches i n  d e r i v i n g  a n  exper imenta l  e s t i -  
mate of  t h e  s p e c i f i c  impulse. The f i r s t  i nvo lves  d i r e c t  measurements 
of t h e  impulse genera ted  by t h e  t h r u s t e r  when a c e r t a i n  amount of pro- 
p e l l a n t  is  expe l l ed  under power. This w i l l  be  examined and eva lua ted  
i n  t h e  nex t  s e c t i o n .  The second method of s p e c i f i c  impulse determin- 
a t i o n  i s  less d i r e c t  and invo lves  measurements of t h e  flow v e l o c i t y  a t  
r e l e v a n t  s t a t i o n s  of t h e  MPD flow. These methods are complementary, i n  
t h e  sense  t h a t  t h e  f i r s t  g e n e r a l l y  o f f e r s  more d i r e c t n e s s  and r e l i a b i l -  
i t y ,  w h i l e  t h e  second o f f e r s  more r e s o l u t i o n  and more informat ion  re- 
gard ing  non-uni formi t ies ,  e t c .  
The MPD flow v e l o c i t i e s  are  probed and determined i n  t h i s  program 
by Doppler -sh i f t  measurements of s e l e c t e d  spectral  l i n e s  emi t t ed  by t h e  
v a r i o u s  s p e c i e s  of  t h e  MPD prope l l an t .  
The g e n e r a l  exper imenta l  arrangement f o r  t h i s  type  of work has  
been documented p rev ious ly  i n  r e f s .  10 and 11. Moreover, t h e  p a r t i c u l a r  
arrangement and type  of measurements f o r  t h e  quasi-s teady HPD a re  
desc r ibed  i n  r e f .  5. I n  t h i s  s e c t i o n ,  w e  p r e s e n t  exper imenta l  r e s u l t s  
which are r e l e v a n t  i n  t h e  o v e r a l l  eva lua t ion  of t h e  quas i - s teady  I P D  
t h r u s t e r .  The v a l u e s  of t h e  s p e c i f i c  impulse r e p o r t e d  h e r e  are a c t u a l l y  
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f low v e l o c i t y  measurements which are conver ted  i n t o  Isp v a l u e s ,  accord-  
i n g  t o  the  d e t a i l e d  d i s c u s s i o n  g iven  i n  r e f .  5 .  I n  t h i s  r e f e r e n c e  a l s o ,  
w e  have inc luded  a l l  t h e  expe r imen ta l  ev idence  which concerns  a x i a l  and 
r a d i a l  p r o f i l e s  of t h e  v e l o c i t y  i n  t h e  MPD f low f i e l d .  
Veloc i ty  de t e rmina t ions  have been made f o r  bo th  i o n i c  and n e u t r a l  
s p e c i e s .  For  i d e n t i f i c a t i o n  purposes ,  t h e  most prominent s p e c t r a l  l i n e s ,  
used i n  t h i s  t a s k ,  a r e  t a b u l a t e d  i n  t a b l e  111. 
TABLE I l l  
MOST PROMINENT SPECTRAL LINES USED 
IN THE DOPPLER EXPERIMENTS 






B. RESULTS AND D I S C U S S I O N  
Spec ie  
N e u t r a l  
N e u t r a l  
Ion  
N e u t r a l  
I o n  
Ion  
Neu t ra l  
N e u t r a l  
Ion  
N e u t r a l  
I o n  















Experiments have been c a r r i e d  o u t  f o r  t h e  d e t e r m i n a t i o n  of t h e  
f low v e l o c i t y  ( s p e c i f i c  impulse)  a t  c r i t i c a l  v a l u e s  of ( J ~ / & ) ,  f o r  
s e v e r a l  gases .  S p e c i f i c a l l y ,  t h e  f i v e  noble  gases  were employed as 
p r o p e l l a n t s  a t  mass f low rates and a t  MPD c u r r e n t s  such t h a t  ( J  /in) has  
t h e  c r i t i c a l  v a l u e s  determined p rev ious ly  and shown i n  f i g .  13 .  
Veloc i ty  de t e rmina t ions  were made f o r  bo th  i o n i c  and n e u t r a l  s p e c i e s ,  
bu t  no d e t e c t a b l e  d i s p a r i t i e s  were found i n  t h e s e  v e l o c i t i e s .  
2 
Furthermore,  f o r  two of t h e  gases ,  namely a rgon  and helium, v e l o c i t y  
measurements were made a t  va lues  of J 2 / m  bo th  above and below t h e  c r i t i -  
cal  va lue .  We proceed now t o  p re sen t  and d i s c u s s  o u r  d a t a :  
1. Ve loc i ty  Measurements and I Determina t ion  a t  ( j2/m) 
SP 
I n  one set  of such experiments ,  t h e  MPD c u r r e n t  w a s  kep t  con- 
s t a n t  a t  20 ki loamperes  f o r  a l l  p r o p e l l a n t s ,  bu t  t h e  m a s s  f low ra te  
of each p r o p e l l a n t  w a s  a d j u s t e d  accord ing  t o  t h e  a p p r o p r i a t e  v a l u e s  
of  ( J 2 / m ) ,  as g iven  i n  f i g s .  1 3  o r  14.  I n  e s sence ,  w e  used about :  
4.0 gm/sec of Helium 
8.5 gm/sec of Neon 
10.0 gm/sec of Argon 
14.5 gm/sec of Krypton 
21.0 gm/sec of Xenon 
The exper imenta l  r e s u l t s  a r e  p re sen ted  i n  f i g .  18, where w e  
p l o t  t h e  s p e c i f i c  impulse (corresponding t o  t h e  Doppler-determined 
v e l o c i t i e s )  v e r s u s  t h e  molecular weight  o f  t h e  p r o p e l l a n t .  
The s i m i l a r i t y  of t h e  t r ends  i n  f i g s .  1 3 ,  1 4  and 18  i s  q u i t e  
s t r i k i n g .  Ev iden t ly ,  t h e  s p e c i f i c  impulse of any p r o p e l l a n t  a t  t h e  
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critical value of ( J 2 / m )  appears to be proportional to this value 
of (j2/&). 
fig. 19, where we plot the specific impulse versus ( J 2 / m )  crit 
essence, this is a combination of the plots in figs. 13 and 1 8 .  
This may be seen, more clearly, in the illustration of 
. In 







Next, we examined the question of the critical specific im- 
pulse as a function of the MPD current for a fixed propellant. Thus, 
for argon, we measured Doppler shifts and determined the flow veloci- 
ties corresponding to five different currents, namely: 10, 15, 20, 
25 and 30 kiloamperes. 
the argon flow rates of 2.5, 5.6, 10, 15.6 and 22.5 gm/sec. The 
values of the specific impulse resulting from Doppler measurements 








are tabulated in table IV. 
TABLE IV 
SPECIFIC IMPULSE A T  CRITICAL (J*/k) FOR ARGON 
( J2/i), 









































Figure 19 SPECIFIC IMPULSE FROM DOPPLER MEASUREMENTS VERSUS C R I T I C A L  V A L U E S  O F  
(J2/m) FOR S E V E R A L  PROPELLANTS 
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10 
The s t r a i g h t  average  of  t h e s e  va lues  of I i s  about  800 seconds 
and t h e  cor responding  d i f f e r e n c e s  are +4, +15, -12,  -10 and +5 per- 
SP 
c e n t ,  which are w e l l  con ta ined  wi th in  t h e  expe r imen ta l  u n c e r t a i n t i e s .  
S i m i l a r  r e s u l t s  have been obta ined  wi th  hel ium as t h e  p r o p e l l a n t .  
Doppler measurements a t  10 ,  20 and 30 ki loamperes  and a t  appropr i -  
a t e l y  matched flow rates [ ( J2/m 
a s p e c i f i c  impulse of about  2400 seconds ,  i n  a l l  t h r e e  c a s e s  w i t h i n  
210 pe rcen t .  
2 , about  100 (KA) / gm, sec-l J y i e l d e d  
2.  Veloc i ty  Measurements and I Determina t ion  a t  Values of ( J 2 / m )  
o t h e r  t han  Cr i t ica l  SP 
T h i s  q u e s t i o n  has  been examined mainly f o r  a rgon  a t  v a l u e s  of 
A l a r g e  v a r i e t y  of cur-  ( J ~ / A )  both  below and above t h e  c r i t i c a l .  
r e n t  and f low rate  combinat ions has  been used h e r e ,  i n  t h e  ranges  
7 t o  30 ki loamperes  and 0.5 t o  25.0 gm/sec, argon. The cor responding  
2 2 
range  of ( J  /m) valu.es has  been from 10 t o  about  300 (KA) /gm, s ec - l .  
A s  is  t h e  case f o r  t h e  d a t a  presented  i n  t h e  p rev ious  s u b s e c t i o n ,  
t h e r e  is no s u b s t a n t i a l  d i f f e r e n c e  i n  t h e  v a l u e s  of I determined 
2 .  a t  a g iven  v a l u e  of ( J  /m), r e g a r d l e s s  of t h e  i n d i v i d u a l  v a l u e s  of 
J and m.  
as I v e r s u s  ( j2/m).  This  i s  done i n  f i g .  2 0 .  
SP 
For t h i s  reason ,  w e  p re sen t  t h e s e  d a t a  i n  a g e n e r a l  f a s h i o n  
SP 
It is  clear i n  t h i s  f i g u r e  t h a t  a s p e c i f i c  impulse between 
800 and 900 seconds corresponds t o  t h e  c r i t i c a l  v a l u e  of  about  
4 0  (KA) This  r e s u l t  has  been d i scussed  i n  
2 
/gm, sec'l f o r  argon. 
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Figure 20 SPECIFIC IMPULSE FROM DOPPLER MEASUREMENTS VERSUS 
THE PARAMETER (J2/m) FOR ARGON 
t h e  p rev ious  s u b s e c t i o n  and i s  i n  f a i r  agreement wi th  t h e  a n a l y t i c a l  
e x p e c t a t i o n  f o r  argon: 
= (T/m) = b (  J 2 / m )  
(ISP crit crit crit 
A s  no ted  earlier i n  t h e  d i scuss ion  fo l lowing  Eq. ( 6 ) ,  t h e  v a l u e  of 
b f o r  ou r  a c c e l e r a t o r  i s  about  2 x 10'' MKS. 
The r e s u l t s  of  f i g .  20,  however, are q u i t e  impor tan t  i n  demon- 
s t r a t i n g  t h e  behavior  of t h e  Doppler measured s p e c i f i c  impulse a t  
v a l u e s  of  ( J ~ / & I )  both h i g h e r  and lower than  t h e  c r i t i c a l  va lue .  I n  
t h e  absence of any evidence r ega rd ing  c r i t i c a l  v a l u e s ,  w e  would ex- 
p e c t ,  g e n e r a l l y ,  t h e  s p e c i f i c  impulse t o  i n c r e a s e  l i n e a r l y  wi th  
( J 2 / m ) .  
of f i g .  20. 
v a l u e  of 4 0 ,  w e  see t h a t  
i t  r eaches  a p l a t eau .  This  behavior ,  p l u s  more a d d i t i o n a l  ev idence ,  
i s  a s t r o n g  i n d i c a t i o n  of 1 l i m i t a t i o n s ,  which may n o t  be  uncovered 
from d i r e c t  impulse measurements. A s  r e c a l l e d ,  t h i s  range of con- 
d i t i o n s  h a s  been des igna ted  as the MPD s t a r v a t i o n  reg ion .  
C l e a r l y ,  t h i s  is n o t  supported by t h e  exper imenta l  d a t a  
A s  t h e  v a l u e  of ( J 2 / m )  i n c r e a s e s  beyond t h e  c r i t i c a l  
ISp i n c r e a s e s  on ly  marg ina l ly ,  and g r a d u a l l y  
SP 
Simi la r  obse rva t ions  can be made i n  t h e  range of ( J ~ / A )  v a l u e s ,  
below t h e  c r i t i c a l .  This  i s  t h e  so c a l l e d  "overfed" MPD reg ion .  
Here normal ly ,  w e  would expec t  the I va lues  t o  dec rease  i n  propor- 
t i o n  t o  t h e  dec reas ing  ( J2/m) values .  However, t h i s  is  n o t  observed 




d a t a  must e v e n t u a l l y  b e  d i s c r e d i t e d ,  s i n c e  a t  s u f f i c i e n t l y  low 
va lues  of ( J2/m ) , t h e  energy conse rva t ion  p r i n c i p l e  is v i o l a t e d .  
Seve ra l  examples may be  found a t  ou r  l a b o r a t o r y  and e l sewhere  ( s e e  
r e f .  3 ) ,  where t h e  k i n e t i c  power of t h e  MPD (m12 
t o t a l  i n p u t  power. 
t h a t  on ly  a f r a c t i o n  of t h e  f ed  i s  s u b s t a n t i a l l y  a c c e l e r a t e d ,  
whi le  t h e  ba l ance  of t h e  p r o p e l l a n t  i s  n o t  p a r t i c i p a t i n g .  T h i s  
seems t o  be a r easonab le  a l t e r n a t i v e  t o  t h e  aforementioned d i s -  
c r epanc ie s .  It w i l l  be q u i t e  i n t e r e s t i n g  t o  compare t h e  d a t a  o f  
f i g .  20 w i t h  ISp v a l u e s  d e r i v e d  from impulse measurements under t h e  
same exper imenta l  c o n d i t i o n s .  
/ 2 )  exceeds t h e  SP 
Ev iden t ly  i n  t h e  over fed  MPD r e g i o n ,  i t  appea r s  
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V I .  IMPULSE MEASUREMENTS 
It is  ve ry  e s s e n t i a l ,  i n  programs of t h e  type  under c o n s i d e r a t i o n  
h e r e ,  t o  make measurements of t h e  impulse r e s u l t i n g  from a quasi-s teady 
MPD t h r u s t e r .  For t h i s  purpose,  w e  have c a r e f u l l y  eva lua ted  t h e  pos- 
s i b i l i t y  of such measurements. I n  t h e  fo l lowing  two s e c t i o n s ,  we demon- 
s t ra te  how such measurements may be made w i t h  r e l i a b i l i t y ,  and w e  pre- 
s e n t  some i l l u s t r a t i v e  r e s u l t s .  
A. THE MEASUREMENT OF IMPULSE BITS 
For t h e s e  measurements, w e  have modif ied a p p r o p r i a t e l y  a f a c i l i t y  
developed a t  Avco under  program NAS-5-10342. I n  t h i s  f a c i l i t y ,  t h e  
t h r u s t *  and/or  impulse measuring device i s  e s s e n t i a l l y  a mass-balanced, 
s i n g l e - a x i s  suspended t a b l e ,  where the impulse t o  be measured i s  normal 
t o ,  b u t  does n o t  p a s s  through,  t h e  a x i s  of r o t a t i o n .  S p e c i f i c a l l y ,  t h e  
MPD impulse,  a c t i n g  a t  a known moment a r m ,  produces a n  angular  v e l o c i t y  
of t h e  suspended t a b l e ,  which i s  very a c c u r a t e l y  measured wi th  a ra te  
gyro a l s o  mounted on t h e  t a b l e .  Thus, t h e  r e l e v a n t  r e l a t i o n s  are: 
H = Q - W  (20)  
Strict ly speaking. no thrust measurements can be made with submillisecond resolution Thus, although the average 
thrust f r o m  repetitive pulsing can be determined easily, the instantaneous thrust, during a single MPD pulse, can not 
be resolved. Instead, the t ime integral o f  this thrust, over the pulse duration, is accurately determined. 
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where wis t h e  measured a n g u l a r  v e l o c i t y  of t h e  t a b l e ,  (1 i s  i t s  c a l i b r a -  
t e d  r o t a t i o n a l  i n e r t i a ,  and H i s  t h e  a n g u l a r  momentum r e s u l t i n g  from t h e  
MPD impulse b i t ,  Ib , as fo l lows :  
b H = s . 1  
wi th  s r e p r e s e n t i n g  t h e  known moment a r m  of t h e  MPD. 
I n  t h e  above r e l a t i o n s ,  w e  have assumed t h a t  t h e  suspended t a b l e  
is  t r u l y  i n e r t i a l  i n  t h e  a n g u l a r  sense .  T h i s ,  i n  e s sence ,  means t h a t  
t h e  t a b l e  i s  f r e e  of t o r q u e s ,  o t h e r  t han  t h e  one produced by t h e  MPD 
t h r u s t ,  I n  f a c t ,  t h e  i n e r t i a l  t a b l e  i s  f r e e  of p a r a s i t i c  t o r q u e s ,  and 
t h u s  i t  h a s  z e r o ,  p a r a s i t i c ,  angu la r  a c c e l e r a t i o n ,  n o t  on ly  d u r i n g  t h e  
p u l s e  but a l s o  f o r  a r b i t r a r i l y  long  p e r i o d s ,  e i t h e r  b e f o r e  o r  a f t e r  
t h e  MPD impulse.  Thus, when a c e r t a i n  a n g u l a r  momentum is  determined 
by Eq. ( 2 0 ) ,  i t  may be  a s s o c i a t e d  d i r e c t l y  t o  t h e  MPD impulse b i t ,  see 
Eq. ( 2 1 ) ,  no matter how l o n g  i t  t a k e s  t o  make t h i s  de t e rmina t ion .  
Zero p a r a s i t i c  t o rques  and angu la r  a c c e l e r a t i o n  are  n a t u r a l l y  
mathematical  conveniences.  I n  ou r  l a b o r a t o r y  p r a c t i c e ,  any p o s s i b l e  
p a r a s i t i c *  to rques  and a c c e l e r a t i o n s  may a r i se  mainly from t h e  t w i s t  of 
t h e  suspension w i r e .  I f  a t  any t i m e  t h e  t w i s t  a n g l e  of t h e  suspens ion  
*We are talking here exclusively about parasitic torques of purely mechmical origin. The question of parasitic torql i ts 
o f  purely electromagnetic origin (interaction of currents or1 thc inertial tahlo with tank walls or othor Structiirt’S. t’tc 1 
does not enter at all into the design of the inertial tablc. This question l i ds  hwri ,ln\wcvt.d cjircv t ly  and scparatdy by a 
comparison of normal MPD impulse measurements w i th  similar rnf!asiirements under thrust Cllling arrangernorit\. T l i ~ s  
comparison has shown that parasitic effects of this natorc? are of th is order of 1 percent or sm,illt:r. 
w i r e  is  w * ,  t hen  a p a r a s i t i c  ( r e s t o r i n g )  to rque  e x i s t s ,  which i s  g iven  
by : 
where k i s  t h e  w i r e  c o n s t a n t  f o r  t o r s i o n a l  o s c i l l a t i o n s .  
Accordingly,  t h e  t a b l e  w i l l  be  cons idered  t r u l y  i n e r t i a l  f o r  a l l  
pract ical  purposes  i f  t h e  i n t e g r a l  of L * d t  
simply over  t h e  MPD p u l s e  d u r a t i o n ,  bu t  over  any d u r a t i o n ,  t*  , r equ i r ed  
f o r  t h e  angu la r  v e l o c i t y  measurement. The i n t e g r a l  under c o n s i d e r a t i o n  
i s  n e g l i g i b l y  s m a l l ,  n o t  
is  t h e  p a r a s i t i c  angu la r  momentum: 
* 
0 
which may f a l s i f y  t h e  angu la r  momentum, H ,  a s s o c i a t e d  wi th  t h e  MPD i m -  
p u l s e  b i t .  
We may d e r i v e  a good e s t i m a t e  of t h e  f a l s i f y i n g  e f f e c t  a s  fo l lows:  
According L e t  an angu la r  momentum,H , be  generated by t h e  W D  impulse.  
t o  Eq. (20) w e  have: 
(dw*/dt) = (H/Q) ( 2 4 )  
where w e  have used t h e  a s t e r i s k  t o  d e s i g n a t e  t h e  t w i s t  a n g l e  of t h e  
w i r e .  Thus, i n  t h e  f i r s t  approximation, i .e.,  i n  t h e  absence of a sub- 
s t a n t i a l  r e s t o r i n g  to rque ,  w e  may write: 
W* = ( H / Q ) t  (25) 
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assuming t h a t  t h e  t w i s t  a n g l e  i s  z e r o  a t  t = O .  With t h i s  approximate 
t i m e  dependence of t h e  t w i s t  ang le ,  w e  proceed t o  estimate t h e  p a r a s i t i c  
t o rque  from E q .  (22), and then  t h e  p a r a s i t i c  angu la r  momentum from 
E q .  (23) .  
l o n g e r  than  t h e  MPD p u l s e  d u r a t i o n )  w e  o b t a i n :  
I n t e g r a t i n g  from ze ro  t o  any d e s i r a b l e  t i m e ,  t* , ( a r b i t r a r i l y  
H* = (Hk/2Q) (t*)’ ( 2 6 )  
Thus, the r e l a t ive  d i s t u r b a n c e  of t h e  p a r a s i t i c  angu la r  momentum is  
g iven  by : 
where we have t aken  i n t o  account  t h a t  t h e  pe r iod  of t o r s i o n a l  o s c i l -  
l a t i o n s  i s  g iven  by: 
It i s  obvious i n  Eq. ( 2 7 )  t h a t  t h e  r e l a t i v e  d i s t u r b a n c e  w i l l  be  
n e g l i g i b l e  i f  t h e  pe r iod  of t o r s i o n a l  o s c i l l a t i o n s  i s  much longe r  than  
t h e  time i n t e r v a l ,  t* , necessa ry  f o r  t h e  a n g u l a r  v e l o c i t y  de t e rmina t ion .  
Moreover, as sugges ted  by E q .  ( 2 8 ) ,  t h e  t o r s i o n a l  pe r iod  may be  extended 
by a r r ang ing  so t h a t  t h e  i n e r t i a l  t a b l e  h a s  a s u f f i c i e n t l y  l a r g e , Q ,  
r o t a t i o n a l  iner t ia ,  and s o  t h a t  t h e  suspens ion  w i r e  has  a c o n s t a n t  k as 
s m a l l  as p o s s i b l e .  
I n  o u r  l a b o r a t o r y  p r a c t i c e ,  t h e  r o t a t i o n a l  i n e r t i a  may n o t  be made 
a r b i t r a r i l y  l a r g e .  I n  o t h e r  words, t h e r e  are l i m i t a t i o n s  on both t h e  
t o t a l  suspended mass and on t h e  deployment of  t h i s  mass i n  t h e  r a d i a l  
s ense .  
mum angular  momentum (and t h u s  minimum MPD impulse)  t h a t  may be  measured, 
Bes ides ,  a n  a r b i t r a r i l y  l a r g e  Q would s e r i o u s l y  l i m i t  t h e  mini- 
even w i t h  a ve ry  s e n s i t i v e  gyro. (See Eq. (20) . )  A s  w i l l  be  expla ined  
s h o r t l y ,  w e  f i n d  t h a t  a r o t a t i o n a l  i n e r t i a  of  10 t o  20 s l u g - f t L  ( o r  
1.4 x 10 t o  2.8 x 1 0  cgs )  is  both  convenient  and adequate  f o r  ou r  
experiments .  For example, t h e  i n e r t i a l  t a b l e  i n  t y p i c a l  exper iments ,  
r e p o r t e d  i n  t h e  Appendix, has  a r o t a t i o n a l  i n e r t i a  of about  1.8 x 10 8 cgs .  
This  i n c l u d e s  t h e  t h r u s t e r ,  c a p a c i t o r  bank, p r o p e l l a n t  supply  t ank ,  
pu l sed  v a l v e  and t h e  a u x i l i a r y  gadgetry,  a l l  onboard t h e  t a b l e .  In- 
c i d e n t a l l y ,  t h e  t o t a l  mass of t h i s  system i s  a few hundred pounds, which 
i s  w e l l  w i t h i n  t h e  800-pound weight  l i m i t a t i o n  imposed by t h e  f i n i t e  
s t r e n g t h  of t h e  suspens ion  w i r e .  
,-I 
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I n  pulsed  MPD experiments ,  t h e  impulse b i t  is  g e n e r a l l y  expected t o  
Moreover, be  i n  t h e  range  1 t o  100 mlb-sec (or  5 x l o 2  t o  5 x l o 4  c g s ) .  
i n  o u r  case t h e  moment a r m  of t h e  MPD is  about  2 f e e t  (o r  60 c g s ) .  
Accordingly,  t h e  r e s u l t i n g  angu la r  momenta, see Eq. (21) ,  are i n  t h e  
range  3 x lo4  t o  3 x 10  With t h e  mentioned r o t a t i o n a l  i n e r t i a  
of 1.8 x l o 8  cgs ,  t h e  r e s u l t i n g  angular  v e l o c i t i e s ,  see Eq. ( 2 0 ) ,  a r e  
i n  the range  1.7 x 
1 deg/sec .  
t h e  v iewpoin ts  of s e n s i t i v i t y ,  l i n e a r i t y ,  etc. A t  a s e n s i t i v i t y  of 
about  540 m i l l i v o l t s  p e r  deg/sec ,  the  s a i d  gyro,  i n  t h e  s a i d  range ,  
p rov ides  a l i n e a r  s i g n a l  between 5.4 and 540 m i l l i v o l t s ,  which i s  q u i t e  
adequa te  f o r  d e t e c t i o n  and recording.  
6 cgs.  
t o  1.7 x lom2  r a d i a n s / s e c ,  o r  about 0.01 t o  
This  is  q u i t e  an  agreeable  range f o r  t h e  rate gyro, from 
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Regarding now t h e  suspens ion  w i r e ,  w e  remark t h e  fo l lowing :  The 
suspens ion  of  t h e  i n e r t i a l  t a b l e  i s  n o t  made through a s i n g l e  w i r e  of a 
g iven  c ross - sec t ion ,  b u t  through a l a r g e  number of  c l o s e l y  spaced w i r e s  
w i t h  a much smaller c ros s - sec t ion .  Th i s  arrangement obv ious ly  a l lows  
t h e  suspens ion  t o  have a l a r g e  weight  c a p a c i t y  and a t  t h e  same t i m e  i t  
r e s u l t s  i n  a r e l a t i v e l y  low v a l u e  of t h e  t o r s i o n a l  c o n s t a n t , k .  
P r e s e n t l y ,  t h i s  c o n s t a n t  h a s  a v a l u e  about  3 x 1 0  cgs .  A t  t h e  men- 
t i o n e d  va lue ,  1.8 x 10 cgs  f o r  t h e  r o t a t i o n a l  i n e r t i a ,  w e  o b t a i n  from 
Eq. (28) a pe r iod  of about  500 seconds f o r  t o r s i o n a l  o s c i l l a t i o n s .  Now 
n o t e  t h a t ,  under any c i rcumstances ,  an  i n t e r v a l  of say  t * -  5 seconds is 
q u i t e  adequate  f o r  d e t e c t i n g  and r eco rd ing  an  angu la r  v e l o c i t y  due t o  
an  MPD impulse.  It fo l lows  from Eq. ( 2 7 )  t h a t ,  under such c o n d i t i o n s ,  
t h e  r e l a t i v e  p a r a s i t i c  angu la r  momentum (due t o  t h e  r e s t o r i n g  to rque )  
e q u a l s  about  0.2 pe rcen t .  A l t e r n a t i v e l y ,  t h i s  means t h a t  t h e  angu la r  
v e l o c i t y  w e  t r y  t o  measure f o r  t h e  MPD impulse de t e rmina t ion  w i l l  have 
a maximum e r r o r  o f  about  0.2 pe rcen t  i f  i t  t a k e s  as l o n g  as 5 seconds 
a f t e r  t h e  MPD impulse t o  de te rmine  t h e  angu la r  v e l o c i t y  of t h e  i n e r t i a l  
t a b l e .  I n  a c t u a l  p r a c t i c e  of cour se ,  5 seconds i s  q u i t e  adequate .  I n  
f a c t  t h e o r e t i c a l l y  t h e  gyro ou tpu t  may be  d i s p l a y e d  and recorded  w i t h i n  
mi l l i s econds  a f t e r  t h e  MPD impulse.  
4 
8 
The a n a l y s i s  p r e s e n t e d ,  i n  connec t ion  w i t h  t h e  p a r a s i t i c  angu la r  
momentum and i t s  e f f e c t  on t h e  MPD impulse d e t e r m i n a t i o n ,  i s  n a t u r a l l y  
v a l i d  f o r  r e l a t i v e l y  small v a l u e s  of t h e  t w i s t  a n g l e ,  w*. 
words,  t h e  assumption i s  made t h a t  t h e  MPD impulse i s  a p p l i e d  when t h e  
I n  o t h e r  
suspended t a b l e  i s  a t  o r  n e a r  t h e  t o r s i o n a l  e q u i l i b r i u m  p o i n t .  T h i s ,  
1. l luwever, . ~ ~ . ~  is not alw~ay-s tI-,e case, or ai least  I,oi ai aIly a~-’ui t~=ar=y tilrle 
w e  wish t o  apply  an  MPD impulse.  
We wish t o  p o i n t  o u t  h e r e  t h a t  up t o  now t h e  suspended t a b l e  i s  n o t  
y e t  an  i n e r t i a l  t a b l e  b u t  simply a t o r s i o n a l  pendulum which approximates  
f a i r l y  c l o s e  a n  i n e r t i a l  t a b l e .  The approximation i s  good only  f o r  
p o s i t i o n s  and t i m e s  nea r  t h e  equ i l ib r ium p o i n t ,  a t  which p o i n t  t h e  t a b l e  
has  a r e l a t i v e l y  s m a l l  a c c e l e r a t i o n .  A s  expla ined  i n  t h e  d i s c u s s i o n  
above, t h e  approximation is good t o  0.2 pe rcen t  f o r  t i m e s  up t o  5 seconds 
b e f o r e  o r  a f t e r  t h e  e q u i l i b r i u m  p o i n t ,  and v a r i e s  as t h e  squa re  of t h i s  
t i m e ,  see Eq. (27), provided t h a t  the  s a i d  t i m e  remains always much 
smaller than  Tt,,, , which i s  about  500 seconds.  
An a d d i t i o n a l  convenience,  incorpora ted  i n  ou r  f a c i l i t y ,  makes t h e  
suspended t a b l e  a n  i n e r t i a l  t a b l e  t o  an e x c e l l e n t  approximation,  re- 
g a r d l e s s  of any p a r t i c u l a r  t i m e  o r  l eng th  of t i m e .  
by making t h e  t w i s t  ang le ,w*  , of t h e  suspens ion  w i r e  n e g l i g i b l y  s m a l l ,  
a t  a l l  t i m e s ,  r e g a r d l e s s  of t h e  angular  displacement  of t h e  suspended 
t a b l e ,  w i th  r e s p e c t  t o  a l a b o r a t o r y  frame of r e fe rence .  
Th i s  is  accomplished 
I n  our  l a b o r a t o r y  p r a c t i c e ,  t h i s  i s  r e a l i z e d  by suspending t h e  
t a b l e  n o t  d i r e c t l y  from t h e  t ank  c e i l i n g ,  bu t  from a p la t form.  
torque-motor mechanism s l a v e s  t h e  p la t form t o  t h e  suspended t a b l e  so 
t h a t  the  t w i s t  ang le  of  t h e  suspension w i r e  i s  and remains n e g l i g i b l y  
s m a l l ,  r e g a r d l e s s  of t h e  angu la r  p o s i t i o n  o r  t h e  angu la r  v e l o c i t y  of 
A s e r v o ,  
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t h e  suspended t a b l e .  The coup l ing  between t h e  upper  p l a t f o r m  and t h e  
suspended t a b l e  i s  accomplished by means o f  a p o l a r i z e d  and w e l l  c o l l i -  
mated l i g h t  beam, gene ra t ed  on t h e  suspended t a b l e  and sensed  on t h e  
p la t form.  
Under t h e s e  c o n d i t i o n s ,  t h e  t es t  t a b l e  under  c o n s i d e r a t i o n  becomes 
r o t a t i o n a l l y  i n e r t i a l ,  i .e . ,  f r e e  of p a r a s i t i c  t o r q u e s ,  w i t h i n  a n  un- 
c e r t a i n t y  o f  f t - l b s ,  o r  about  13.5 cgs .  T h i s  i s  n e g l i g i b l e  f o r  
a l l  p r a c t i c a l  purposes .  
I n  t h e  experiments  under  c o n s i d e r a t i o n  h e r e ,  t h e  envi ronmenta l  
t ank ,  6- fee t  d iameter  8 - f ee t  l ong ,  i s  evacuated  by a l a r g e  d i f f u s i o n  
pump, down t o  p r e s s u r e s  o f  t h e  o r d e r  of microns Hg. Furthermore,  
t h e  rate-gyro o u t p u t  i s  con t inuous ly  recorded  v e r s u s  t i m e ,  s o  a t  any 
i n s t a n t  w e  may e a s i l y  measure any a n g u l a r  v e l o c i t y  and a c c e l e r a t i o n ,  as 
w e l l  as any d i s c o n t i n u i t y  of t h e  a n g u l a r  v e l o c i t y  a s s o c i a t e d  wi th  an  
MPD impulse. 
F i n a l l y ,  t h e  r o t a t i o n a l  i n e r t i a  of t h e  i n e r t i a l  t a b l e  i s  c a l i b r a -  
t e d  by w e l l  e s t a b l i s h e d  l a b o r a t o r y  procedures .  I n  p r a c t i c e ,  two ap- 
proaches may be  used;  e i t h e r  a w e l l  known t o r q u e  i s  a p p l i e d  and t h e  
r e s u l t i n g  a n g u l a r  a c c e l e r a t i o n  i s  measured, o r  a w e l l  known a n g u l a r  
momentum is a p p l i e d  and t h e  change i n  a n g u l a r  v e l o c i t y  is  measured. 
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B. ILLUSTRATIVE EXAMPLES OF IMPULSE MEASUREMENTS 
The f s c i l i t y  desc r ibed  i n  the  list s e c t i o n  has  been employed f o r  
impulse b i t  measurements of t h e  quasi-s teady,  pulsed MPD system d e s c r i b e d  
i n  S e c t i o n  11-D. Some p re l imina ry  r e s u l t s  are a v a i l a b l e  f o r  i l l u s t r a t i o n  
purposes  and are r e p o r t e d  h e r e  i n  f i g .  21. W e  have used two l a r g e l y  d i f -  
f e r e n t  v a l u e s  of m f o r  argon,  and power p u l s e s  w i t h  ampl i tudes  up t o  
s e v e r a l  megawatts and d u r a t i o n s  i n  the  range  of 1 t o  2 mi l l i s econds .  
The d a t a  i n  f i g .  21  are  p l o t t e d  as d i r e c t l y  measured impulse b i t s  
v e r s u s  t h e  cor responding  i n t e g r a l  of t h e  MPD c u r r e n t  waveform squared .  
The purpose i s  t o  compare t h e  measured impulses  w i t h  t h e  a n a l y t i c a l l y  
expected impulses ,  accord ing  t o  t h e  se l f -magnet ic  o r i g i n  of t h e  t h r u s t .  
The a n a l y t i c a l  e x p e c t a t i o n  is presented  as t h e  s o l i d  s t r a i g h t  l i n e  i n  
f i g .  2 1 ,  and f o r  r e f e r e n c e  w e  have used rA = 3 i nches  and rc = 314 inch .  
It is  f a i r l y  e v i d e n t  t h a t  a t  s u f f i c i e n t l y  h igh  v a l u e s  of t h e  J 2  
i n t e g r a l ,  t h e  impulse measurements a r e  i n  good agreement w i t h  t h e  
a n a l y t i c a l  expec ta t ion .  A d e v i a t i o n  from t h e  a n a l y t i c a l  e x p e c t a t i o n  
i s  observed as t h e  i n t e g r a l  of J 2  i s  reduced. Moreover, t h e  observed 
d e v i a t i o n s  are much l a r g e r  f o r  t h e  h igher  flow r a t e s .  Ev iden t ly ,  t h e  
d i sc repancy  h e r e  may b e  e a s i l y  accounted f o r  by t h e  so c a l l e d  e l e c t r o -  
thermal  o r  gasdynamic c o n t r i b u t i o n .  
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V I I .  SUPPORT SUBSYSTEMS 
It i s  understood t h a t  a quasi-s teady pulsed  MPD t h r u s t e r  used i n  a 
pulsed  plasma p ropu l s ion  system requ i r e s  special  suppor t  i n  several ways, 
most impor t an t ly :  ( a )  need f o r  energy s t o r a g e  i n  a c a p a c i t o r  bank; (b)  
power p rocess ing  f o r  an e f f i c i e n t  charging of c a p a c i t o r s ,  a t  a given 
cons t an t  power; and (c) A n  e l a b o r a t e  p r o p e l l a n t  feed  system. 
A f a i r l y  e x t e n s i v e  t a s k  i n  t h i s  program d e a l s  w i th  t h e  determina- 
t i o n  of t h e  q u a l i f i c a t i o n s  of commercially a v a i l a b l e  c a p a c i t o r s  f o r  use 
i n  pu l sed  MPD p ropu l s ion  system. I n  e s sence ,  commercially a v a i l a b l e  
c a p a c i t o r s  have been s e l e c t e d ,  t e s t e d  and eva lua ted  a t  our  l a b o r a t o r y .  
This  work i s  d i scussed  i n  t h e  Appendix, where w e  d e s c r i b e  t h e  t y p e  of 
c a p a c i t o r s  s e l e c t e d  f o r  e v a l u a t i o n ,  t h e  procedure  fol lowed i n  t h e  
e v a l u a t i o n ,  a series of l a b o r a t o r y  tests and the  f i n a l  r e s u l t s .  
The energy p e r  p u l s e ,  s t o r e d  i n  the  c a p a c i t o r  bank of a pulsed  
MPD p ropu l s ion  system, i s  provided by an average  power supply ,  a t  a 
given v o l t a g e  and power l e v e l .  A power t r ans fo rma t ion  i s  necessa ry ,  
and t h i s  i s  n o t  a t r i v i a l  problem, i f  h igh  e f f i c i e n c i e s  and low s p e c i f i c  
weights  a r e  d e s i r e d .  However, r ecen t  advances i n  power convers ion ,  s e e  
f o r  example r e f .  1 2 ,  j u s t i f y  t h e  conclusion t h a t  t h i s  problem i s  under 
c o n t r o l ,  compared t o  o t h e r  problems of a pulsed MPD system. 
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These advan tages ,  demonstrated f o r  example i n  m i c r o t h r u s t e r  
sys t ems ,  are c l e a r l y  r e a l i z e d  under t h e  fo l lowing  c o n d i t i o n s  : ( a )  t he  
t o t a l  p r o p e l l a n t  f o r  t h e  mission i s  of t h e  o r d e r  of a few pounds, s o  
t h a t  very s imple  and r e l i a b l e  f e e d i n g  mechanisms are p o s s i b l e ,  (b) t h e  
amount of p r o p e l l a n t  p e r  p u l s e  i s  of t h e  o r d e r  of one micropound, and 
( c )  p u l s e  d u r a t i o n s  of t h e  o r d e r  of 10 microseconds a r e  of  i n t e r e s t .  
With such s h o r t  p u l s e  d u r a t i o n s ,  t h e  u s e  of a v a l v e  i s  very q u e s t i o n a b l e .  
It appears t h a t  power c o n v e r t e r s ,  f o r  a p p l i c a t i o n s  of o u r  i n t e r e s t  
h e r e ,  a r e  a v a i l a b l e ,  r e f .  1 2 ,  i n  t h e  mul t i -k i lowa t t  r ange ,  a t  s p e c i f i c  
w e i g h t s  about 5 lblkw and e f f i c i e n c i e s  about 95 p e r c e n t .  
We now make a few remarks r e g a r d i n g  t h e  p r o p e l l a n t  f eed  system. 
F i r s t ,  we remark t h a t  i n  a r e p e t i t i v e l y  pu l sed ,  p l a s m a  p ropu l s ion  s y s -  
t e m  c e r t a i n  v a l v e l e s s  concepts  of p r o p e l l a n t  f e e d  appea r  t o  have ad- 
van tages  of s i m p l i c i t y  and r e l i a b i l i t y ,  ove r  more c o n v e n t i o n a l  concep t s ,  
u t i l i z i n g  a r e p e t i t i v e  v a l v e  and a gaseous p r o p e l l a n t .  
However, w e  are ve ry  s k e p t i c a l  about t h e s e  c o n d i t i o n s ,  r ega rd ing  
t h e  case of t h e  pulsed MPD, e s p e c i a l l y  f o r  primary p r o p u l s i o n  a p p l i c a -  
t i o n s .  For example, i n  t h i s  ca se  the  t o t a l  p r o p e l l a n t  requirement  i s  
a t  least  2 t o  3 o r d e r s  of magnitude h i g h e r  than i n  t h e  case of micro- 
t h r u s t e r  systems.  Thus, w i t h  s e v e r a l  hundred pounds of  p r o p e l l a n t ,  t h e  
extreme s i m p l i c i t y  and v e r s a t i l i t y  of t h e  f e e d  s y s t e m  is  n o t  a p p l i c a b l e  
any more. 
S i m i l a r l y ,  w e  may o b j e c t  aga ins t  t h e  r e l evance  of c o n d i t i o n s  (b)  
and ( c )  mentioned above. 
t i v e  f o r  a quas i - s t eady ,  pu lsed  MPD. 
I n  o t h e r  w n r d s ,  we feel t h e y  3re + - A  LVU restric- 
F i n a l l y ,  w e  remark t h a t  i t  would be  premature t o  examine i n  d e t a i l  
any d e f i n i t e  concept  of p r o p e l l a n t  f eed ,  i n  view of t h e  i n c r e a s i n g  
ev idence ,  see f i g s .  15 and 18, t h a t  t h e  molecular  weight  of t h e  pro- 
p e l l a n t  i s  a r a t h e r  s t r o n g  parameter  of t h e  quas i - s teady  MF'D perform- 
ance. I n  t h i s  s e n s e ,  t h e  s e l e c t i o n  of t h e  p r o p e l l a n t ,  and consequent ly  
of t h e  p r o p e l l a n t  f e e d ,  should await  more f i n a l  and d e f i n i t e  conclus ions  
about  t h e  r o l e  of t h e  p r o p e l l a n t  i n  MF'D performance. 
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V I I I .  CONCLUSIONS 
I n  the  fo l lowing  pa rag raphs ,  w e  review and summarize t h e  con- 
c l u s i o n s  reached i n  our  i n v e s t i g a t i o n ,  r ega rd ing  a high-power, quas i -  
s t e a d y  MPD t h r u s t e r  and t h e  a s s o c i a t e d  system. 
( a )  I n c r e a s i n g  ev idence ,  a t  t h i s  and o t h e r  l a b o r a t o r i e s ,  s t r o n g l y  
s u g g e s t s  t h a t  t h i s  type o f  MPD t h r u s t e r  i s  s u b j e c t  t o  l i m i t a -  
t i o n s  i n  t h e  cho ice  of t h e  c u r r e n t  and flow rate .  S p e c i f i c -  
a l l y ,  t h e r e  appea r s  t o  be  a c r i t i c a l  v a l u e  o f  ( J 2 / f i ) ,  above 
which t h e  o p e r a t i o n  of t h e  MPD t h r u s t e r  becomes i n c r e a s i n g l y  
e r r a t i c .  I n  t h i s  range a l s o ,  i t  becomes i n c r e a s i n g l y  d i f f i -  
c u l t  t o  conserve energy and momentum ba lance  i n  t h e  MPD f low,  
u n l e s s  an a d d i t i o n a l  flow ra te  of p r o p e l l a n t  i s  al lowed by 
i n g e s t i o n  of  e roeed  and /o r  environmental  material .  
(b )  I t  i s  e q u a l l y  impor t an t  t o  n o t e  t h a t  t h e  c r i t i c a l  v a l u e  of 
2 ( J  /A) i s  a f a i r l y  s e n s i t i v e  f u n c t i o n  o f  t h e  p r o p e l l a n t  prop- 
e r t ies .  S p e c i f i c a l l y ,  i t  v a r i e s  as t h e  i n v e r s e  s q u a r e  r o o t  
of t h e  molecular  w e i g h t ,  see f i g s .  13, 14 and 15. Tlie impli-  
c a t i o n  h e r e  i s  t h a t  heavy p r o p e l l a n t s  shou ld  n o t  be f a v o r e d ,  
s i n c e  they  are burdened w i t h  a very s m a l l  v a l u e  of ( J - / f i )  and 
thus a t  any given c u r r e n t ,  a r a t h e r  l a r g e  v a l u e  o f  fi is re- 
q u i r e d  f o r  a c c e p t a b l e  o p e r a t i o n .  
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( c )  The s p e c i f i c  impulse,  as determined from Doppler-veloci ty  
measurements, appears  t o  be a f u n c t i o n  of ( J 2 / h )  bu t  does no t  
depend s u b s t a n t i a l l y  on the i n d i v i d u a l  v a l u e s  of e i t h e r  J o r  
i. Moreover when ( J  /rh) i n c r e a s e s  beyond t h e  c r i t i c a l  v a l u e ,  
t h e  s p e c i f i c  impulse appears t o  i n c r e a s e  only  margina l ly  and 
e v e n t u a l l y  reaches  a p l a t eau .  
2 
(d )  It is very impor t an t ,  from t h e  p r a c t i c a l  p o i n t  of view, t o  
n o t e  t h a t  a t  t h e  c r i t i c a l  va lues  of (J2/fn) t h e  a v a i l a b l e  
s p e c i f i c  impulse i n c r e a s e s  l i n e a r l y  wi th  ( J  /i) . , (See f i g .  
19 . )  This has  t h e  s a m e  p r a c t i c a l  i m p l i c a t i o n s  a s  i t e m  (b)  
d i scussed  above. 
2 
cr1 t 
( e )  A lower 1f-mi.t h a s  been e s t a b l i s h e d  f o r  t h e  l o s s e s  i n  t h e  
o p e r a t i o n  of t h e  pulsed MF'D t h r u s t e r .  R e s u l t s  from MPD 
e l e c t r o d e  ca!.orimetry have shown t h a t  e l e c t r o d e  l o s s e s  
account f o r  50 t o  60 percent  of t h e  e l e c t r i c a l  power i n p u t  
when t h e  a c c e l e r a t o r  i s  opera ted  i n  the  v i c i n i t y  of one mega- 
w a t t  w i t h  p u l s e  d u r a t i o n s  i n  t h e  v i c i n i t y  of one mi l l i s econd .  
( f )  The aforementioned r e s u l t  appears  no t  t o  be very s e n s i t i v e  t o  
(J /i) f o r  va lues  e i t h e r  be low o r  above t h e  c r i t i c a l .  In  
e s sence ,  t h e  MPD v o l t a g e  i n c r e a s e s  very s h a r p l y  when ( J  /fi)crit 
is  exceeded,  bu t  i t  has  been observed t h a t  bo th  t h e  anode and 




( g )  It h a s  been p o s s i b l e  t o  make p r e l i m i n a r y  measurements of 
s i n g l e  impulse b i t s .  These measurements show t h a t ,  a t  s u f f i -  
c i e n t l y  h igh  v a l u e s  of t h e  MPD c u r r e n t ,  t h e  impulse r e s u l t s  
mainly from se l f -magne t i c  a c c e l e r a t i o n ,  see f i g .  2 1 ,  and i s  
w e l l  accounted f o r  by t h e  s q u a r e  of t h e  c u r r e n t  and t h e  MPD 
geometry. S u b s t a n t i a l  c o n t r i b u t i o n s  of gasdynamic o r i g i n  are 
e v i d e n t  a t  lower v a l u e s  of t h e  c u r r e n t  and e s p e c i a l l y  f o r  t h e  
h i g h e r  flow rates.  
(h)  From t h e  aforementioned p r e l i m i n a r y  d a t a ,  i t  has  been p o s s i b l e  
t o  d e r i v e  v a l u e s  f o r  t h e  s p e c i f i c  impulse.  These v a l u e s  
depend l i n e a r l y  on (JL/i)  and are n o t  s e n s i t i v e  t o  t h e  i n d i -  
v i d u a l  v a l u e s  o f  J and fn, provided t h a t  t h e  MPD c u r r e n t  i s  
s u f f i c i e n t l y  h igh .  These d a t a  are summarized i n  f i g .  2 2 ,  
where w e  compare them w i t h  t h e  s p e c i f i c  impulse v a l u e s  d e r i v e d  
from Doppler-veloci ty  measurements. I t  i s  i n t e r e s t i n g  t o  
2 n o t e  t h a t  ove r  a range of ( J  /&) from about 30 t o  about 60 
(KA)2 / g m ,  sec-l of a rgon ,  t h e  s p e c i f i c  impulse va lues  (about 700 
t o  1000 seconds)  are t h e  same i n  bo th  metliods. However, as 
( J  /h) i n c r e a s e s  beyond t h e  aforementioned v a l u e s ,  tile s p e c i -  
f i c  impulse from impulse measurements keeps i n c r e a s i n g ,  and 
t h i s  i s  no t  r e f l e c t e d  i n  t h e  co r re spond ing  v e l o c i t y  measure- 
ments,  Th i s  r e s o l v e s  t h e  unaccep tab le  s i t u a t i o n s  which ar ise  
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Figure 22 SPECIFIC IMPULSE VERSUS (J2/m). 
Comparison of Velocity Measurements 
(Triangles) with Preliminary Impulse 




wi thou t  a p p a r e n t  l i m i t .  Note t h a t  a s imilar  t r e n d  h a s  been 
observed i n  r e f .  4 .  
2 ( i )  F u r t h e r  r e f e r e n c e  t o  f i g .  22 shows t h a t  as ( J  /fi) i s  dec reased  
below i t s  c r i t i c a l  v a l u e ,  t h e  v a l u e s  of ISp from v e l o c i t y  
measurements f a i l  t o  d e c r e a s e  p r o p o r t i o n a t e l y ,  and t h i s  i s  no t  
r e f l e c t e d  i n  t h e  impulse measurements. E v i d e n t l y ,  such a 
disagreement would ar ise  i f ,  under  t h e s e  "overfeeding" condi- 
t i o n s ,  on ly  a f r a c t i o n  of t h e  f e d  fi is a c c e l e r a t e d ,  w h i l e  t he  
rest of t h e  p r o p e l l a n t  i s  n o t  p a r t i c i p a t i n g  s u b s t a n t i a l l y .  
Two more conc lus ions  of p r a c t i c a l  importance are inc luded  h e r e :  
( j )  Although i t  is  n o t  t h e  purpose of t h i s  work t o  e s t a b l i s h  tile 
l i f e - expec tancy  of an MPD t h r u s t e r ,  w e  d i d  f i n d  t h a t  no  
s e r i o u s  problems were encountered w i t h  t h e  s t r u c t u r a l  i n t e g -  
r i t y  of t h e  p a r t i c u l a r  t h r u s t e r  employed i n  o u r  experiments .  
This  i s  based on a t o t a l  number of p u l s e s  as high as 10,000, 
d e l i v e r e d  e i t h e r  s i n g l y  o r  r e p e t i t i v e l y ,  a t  r a t e s  o f  t h e  
o r d e r  of 1 pps.  T y p i c a l  powers i n  t h e  range 1 t o  10 mega- 
w a t t s  and t y p i c a l  d u r a t i o n s  of t h e  o r d e r  of 1 m i l l i s e c o n d  are 
r e l e v a n t  . 
(k) The ohmic impedance i n  t h e  s y s t e m  from t h e  c a p a c i t o r  bank t o  
t h e  MPD amounts t o  about 2 . 5  mi l l i ohms ,  e x c l u d i n g  t h e  WD. 
I f  a t y p i c a l  MPD impedance as higli as 7 .5  mil l iohms i s  
cons ide red ,  w e  see t h a t  t h e  l o s s e s  ( o t h e r  t han  MPD t h r u s t e r  
l o s s e s )  zmqur?t tc! about 25 percei i t .   his fraction i s  large,  
i n  s p i t e  of t h e  f a c t  t h a t  every e f f o r t  w a s  made t o  minimize 
t h e  ohmic impedance ( r e g a r d l e s s  of weight  and s i z e  p e n a l t i e s )  
of a l l  components such as PFN c a p a c i t o r s  and i n d u c t o r s ,  
s w i t c h e s ,  t r ans fo rmer  windings,  power l e a d s ,  e t c .  The i m p l i -  
c a t i o n  h e r e  i s  t h a t  i t  w i l l  be  d i f f i c u l t  t o  keep t h e s e  para- 
s i t i c  l o s s e s  lower than  25 pe rcen t  i n  a high-power, pu l sed  
MPD propu l s ion  sys tem,  e s p e c i a l l y  i f  s e r i o u s  l i m i t a t i o n s  are 
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AP P END I X 
F i r s t ,  w e  o u t l i n e  t h e  g e n e r a l  g u i d e l h e s  f o r  cons ide r ing  and s e l e c t -  
i n g  c e r t a i n  types  of c a p a c i t o r s .  
s t o r a g e ,  pu lse-d ischarge  duty  c a p a c i t o r s .  A slow charge p e r i o d ,  t o  
v o l t a g e s  between few hundred and few thousand v o l t s ,  should be fol lowed 
by a f a s t  d i scha rge ,  w i t h  a waveform as r e c t a n g u l a r  as p o s s i b l e .  
t h e  a p p l i c a t i o n s  w e  have i n  mind, the d i s c h a r g e  d u r a t i o n  i s  of t h e  o r d e r  
of a m i l l i s e c o n d ,  wh i l e  duty c y c l e s  about are r e l e v a n t .  I n  o t h e r  
words,  r ep  rates i n  t h e  range 1 t o  1 0  pps are r e l e v a n t .  
I n  e s sence ,  w e  are looking  f o r  energy 
For 
Furthermore,  i t  appears  reasonable  t o  make t h e  assumption t h a t  v o l t -  
age reversals w i l l  be  kep t  w i t h i n  20 p e r c e n t  o r  lower,  s i n c e  t h e  capac i -  
t o r s  under c o n s i d e r a t i o n  would be used i n  p u l s e  forming networks wi th  an 
impedance c l o s e l y  matched t o  t h e  load. 
With t h e  aforementioned gu ide l ines  i n  mind, w e  have proceeded t o  
e v a l u a t e  t h e  two most impor tan t  q u a l i f i c a t i o n s  of commercially a v a i l a b l e  
c a p a c i t o r s ,  namely : 
Energy losses p e r  charge-discharge c y c l e ,  o r  a l t e r n a t i v e l y ,  power 
l o s s e s  i n  r e p e t i t i v e  o p e r a t i o n ,  and 
Energy d e n s i t y  o r  s p e c i f i c  weight.  
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A. CAPACITOR TYPES 
From t h e  p r e s e n t l y  a v a i l a b l e  c a p a c i t o r s ,  w e  have cons ide red  t h r e e  
g e n e r a l  types : 
Type ( a ) :  
Type (b) :  
Type (c )  : 
R e l a t i v e l y  modern c a p a c i t o r s  f o r  energy s t o r a g e  and p u l s e  
d i s c h a r g e  du ty .  The d i e l e c t r i c  i n  t h e s e  c a p a c i t o r s  i s ,  
u s u a l l y ,  t h i n  p l a s t i c  f i l m  p l u s  low v i s c o s i t y  o i l .  Ex- 
tended f o i l  c o n s t r u c t i o n  i s  employed. 
R e l a t i v e l y  o l d e r  t y p e s  of energy s t o r a g e  c a p a c i t o r s ,  w i t h  
o i l  impregnated paper  d i e l e c t r i c ,  and no extended f o i l  
c o n s t r u c t i o n .  
Modern e l e c t r o l y t i c  c a p a c i t o r s  w i t h  r a t i n g s  i n  t h e  v i c i n i t y  
of 1000 m i c r o f a r a d s ,  400 v o l t s .  E l e c t r o l y t i c  c a p a c i t o r s  
are g e n e r a l l y  no t  q u a l i f i e d  f o r  energy s t o r a g e  and p u l s e  
d i s c h a r g e  d u t y .  However, w e  i n c l u d e  them h e r e  f o r  com- 
p a r i s o n  pu rposes ,  e s p e c i a l l y  s i n c e  s e v e r a l  i n v e s t i g a t o r s  
s e r i o u s l y  c o n s i d e r  t h e  a p p l i c a t i o n  of such c a p a c i t o r s .  
I n  t h e  e v a l u a t i o n ,  w e  considered f i r s t  t h e  t e c h n i c a l  l i t e r a t u r e  
and eng inee r ing  b u l l e t i n s  of r e p u t a b l e  manufac tu re r s  such as: 
E l e c t r i c ,  Maxwell L a b o r a t o r i e s ,  Sprague,  Corne l l -Dub i l i e r ,  Aerovox, 
Mallory and o t h e r s .  Following a p r e l i m i n a r y  s c r e e n i n g ,  w e  a t tempted t o  
c l a r i f y  s e v e r a l  p o i n t s  by d i r e c t  c o n s u l t a t i o n  w i t h  t h e  manufac tu re r s .  
The r e s u l t s  were only p a r t i a l l y  s a t i s f a c t o r y ,  e s p e c i a l l y  r e g a r d i n g  t h e  
problem of l o s s e s .  I n  t h i s  r e s p e c t ,  manufac tu re r s  e i t h e r  have l i m i t e d  
General  
i n f o r m a t i o n ,  o r  a t  b e s t ,  t hey  rate t h e i r  c a p a c i t o r s  f o r  s p e c i a l  t a s k s ,  
w u c i ~  do not n e c e s s a r i l y  c o i n c i d e  with t h e  contemplated P P I )  a p p l i c a t i o n s .  ...I 2 
For t h e s e  r e a s o n s ,  w e  proceeded w i t h  ou r  own l a b o r a t o r y  tes ts  of 
many i n d i v i d u a l  c a p a c i t o r s ,  r e p r e s e n t a t i v e  of a l l  t h r e e  types  cons idered  
above. These tests and t h e  corresponding r e s u l t s  are  d i scussed  below. 
B.  CAPACITOR LOSSES 
Th i s  t op  c i s  q u i t e  impor tan t  i n  t h e  e v a l u a t i o n  of c a p a c i t o r s  f o r  
two r easons .  F i r s t ,  a l o s s y  c a p a c i t o r  becomes an i n e f f i c i e n t  s t o r a g e  
u n i t ,  lower ing  t h e  o v e r a l l  e f f i c i e n c y  of t h e  system, and second,  t h e  l i f e -  
expectancy of such  a c a p a c i t o r  i n  repet i t ive d i s c h a r g e  duty  i s  s h a r p l y  
reduced ,  i f  any a p p r e c i a b l e  d i s s i p a t i o n  d r i v e s  t h e  i n t e r n a l  tempera ture  
up by 30° t o  40° C above room temperature .  Th i s  second reason  is  q u i t e  
imp o r  t a n  t . 
The terminology "apprec iab le  d i s s i p a t i o n "  r e q u i r e s  some c l a r i f i c a -  
t i o n .  Thus a d i s s i p a t i o n  as l o w  as 0 . 1  p e r c e n t  may be  too  h igh  f o r  a 
compact c a p a c i t o r  w i t h  h i g h  power d e n s i t y ,  w h i l e  on t h e  o t h e r  hand,  a 
d i s s i p a t i o n  as h igh  a s  10 pe rcen t  could be t o l e r a t e d  i n  a caDaci tor  f r e e  
of s i z e  and weight  l i m i t a t i o n s .  General ly  speak ing ,  i n  c a p a c i t o r s ,  where 
bo th  s i z e  and weight  are impor t an t ,  l o s s e s  of t h e  o r d e r  of 0 . 1  p e r c e n t  
are cons ide red  a c c e p t a b l e ,  wh i l e  l o s s e s  of t h e  o r d e r  of 10 p e r c e n t  are 
cons ide red  t o o  h i g h .  
I 
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Capaci tor  l o s s e s  have two o r i g i n s  : d i e l e c t r i c  and p u r e l y  ohmic. 
The d i e l e c t r i c  l o s s e s  are adequa te ly  desc r ibed  by t h e  s o  c a l l e d  l o s s  
a n g l e ,  6 . I n  e s sence ,  f o r  a c a p a c i t o r  w i t h  i n s t a n t a n e o u s  v o l t a g e  and 
c u r r e n t  given by v and i ,  t h e  i n s t a n t a n e o u s  d i e l e c t r i c  l o s s  i s  g iven  by: 
(Diel. Loss) = i.V.sin 6 i.V.6 (A-1) 
The ohmic l o s s e s  i n  a c a p a c i t o r  may be r e p r e s e n t e d  by an ohmic re- 
s i s t a n c e  R* ,  such t h a t  t h e  in s t an taneous  ohmic d i s s i p a t i o n  i s  g iven  by: 
(Ohmic Loss) = i 2 R *  (A- 2 1 
The t o t a l  i n s t a n t a n e o u s  loss  is  simply t h e  sum of Eq.  (A-2)  and Eq .  ( A - 3 ) ,  
namely : 
(Total Loss) - i .V.6 I i 2 R *  (A-3)  
Thus, t o  de te rmine  p r o p e r l y  t h e  energy l o s t  p e r  c a p a c i t o r  d i s c h a r g e  
(o r  cha rge ) ,  Eq. (A-3)  must be i n t e g r a t e d  i n  t i m e  between two r e l e v a n t  
l i m i t s .  I n  t h i s  i n t e g r a t i o n ,  t h e  d e t a i l e d  waveforms f o r  i and v must be 
t aken  i n t o  account .  Furthermore,  s t r i c t l y  speak ing ,  t h e  l o s s  ang le  i s  
n o t  a cons tan t  bu t  a f u n c t i o n  of f requency and thus  of t i m e .  
In s e v e r a l  c a s e s ,  t h e  dependence of t h e  loss ang le  on frequency i s  
n o t  ve ry  s t r o n g  and w e  may t reat  i t  as a c o n s t a n t .  Moreover, t h e  c u r r e n t  
th rough the  c a p a c i t o r  i s  f a i r l y  w e l l  approximated by: 
e x c e p t  when t h e  l o s s e s  are very  l a r g e .  Under such c o n d i t i o n s ,  t h e  d i e l e c  
t r i c  lo s s  g iven  by Eq. ( A - l ) ,  o r  a l t e r n a t i v e l y  t h e  f i r s t  t e r m  i n  
Eq. (A-3) may be  i n t e g r a t e d  f o r  any a r b i t r a r y  waveform of charge  o r  d i s -  
charge .  
6 (Xcv;). 
i = -C ( d V / d t  ) , 
The r e s u l t  f o r  d i s c h a r g i n g  from a v o l t a g e  vo t o  z e r o  i s :  
Thus t h e  r e l a t i v e  d i e l e c t r i c  l o s s  p e r  d i s c h a r g e  i s  seen  t o  
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be  e q u a l  t o  6 , s i n c e  (f/’&V, 2 ) i s  recognized as t h e  s t o r e d  energy .  A 
siziilar argiiiiient holds  f o r  charging t h e  c a p a c i t o r  from z e r o  t o  v , .  
co rd ing ly ,  w e  may c o n s i d e r  26  as an  approximate f i g u r e  of t h e  r e l a t i v e  
d i e l e c t r i c  loss  p e r  charge-discharge c y c l e .  
Ac- 
2 Regarding now t h e  ohmic l o s s ,  t h e  i n t e g r a l  of i R*dt  over  a d i s -  
charge  c y c l e  may n o t  b e  eva lua ted  unless  t h e  waveform of i i s  known. 
However, f o r  a s i n g l e  c a p a c i t o r  d i scha rg ing  i n t o  a n  ohmic load  R ,  t h e  
energy d e l i v e r e d  t o  t h e  load  is t h e  i n t e g r a l  of i 2 R &  , over  t h e  d i s c h a r g e .  
T h i s  c l e a r l y  i n d i c a t e s  t h e  r e l a t i v e  loss  du r ing  t h e  d i s c h a r g e  is 
R*/(R*+R). 
b o t h  numerator and denominator by t h e  c a p a c i t a n c e c .  Thus, t h e  r e l a t i v e  
ohmic l o s s  becomes R*C/(R*C+RC). 
r e p r e s e n t a t i v e  of any g iven  c a p a c i t o r  c o n s t r u c t i o n .  Th i s  q u a n t i t y  re- 
mains c o n s t a n t  whenever several  c a p a c i t o r s  of a g iven  c o n s t r u c t i o n  are 
combined i n  p a r a l l e l  (R* dec reases  while  C i n c r e a s e s  p r o p o r t i o n a t e l y ) .  
A series combinat ion a l s o  l e a v e s  R * C  unchanged. Accordingly,  w e  t r e a t  
R * C  as a fundamental  t i m e  c o n s t a n t  a s soc ia t ed  w i t h  a g iven  type  of 
c a p a c i t o r  c o n s t r u c t i o n .  
This  re la t ive  l o s s  becomes more meaningful  if w e  m u l t i p l y  
Now, w e  remark t h a t  R * c  is  a q u a n t i t y  
Furthermore,  f o r  a l l  p r a c t i c a l  purposes ,  R C  r e p r e s e n t s  t h e  d i scha rge  
d u r a t i o n  f o r  a l l  cases, excep t  t h e  cases  of s e r i o u s  underdamping, which 
are of no i n t e r e s t  h e r e .  Thus,  t h e  re la t ive  ohmic l o s s  f o r  a s i n g l e  
c a p a c i t o r  may b e  w r i t t e n ,  i n  more u n i v e r s a l  terms, as R * c / ( R * c + ~  ’ 1,  
where t ’  is  t h e  d i s c h a r g e  t i m e .  A s i m i l a r  term may be w r i t t e n  f o r  t h e  
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charg ing  case, b u t  t h i s  is  n e g l i g i b l e ,  s i n c e  charg ing  t i m e s  are much 
longe r  than t ‘ i n  t h e  cases of ou r  i n t e r e s t ,  
To  summarize t h e n ,  t h e  t o t a l  re la t ive  l o s s  of a s i n g l e  c a p a c i t o r  
i n  a charge-discharge c y c l e  is g iven  by: 
 LOSS),^^^^^ 2 6 4 -  [R*c/(R*c + t ’) 1 ( A - 4 )  
where the  f a c t o r  of 2 accounts  f o r  t h e  d i e l e c t r i c  l o s s  i n  bo th  t h e  charge  
and d i scha rge  phases .  A s  mentioned, t ’  is t h e  d i s c h a r g e  t i m e .  
When a c a p a c i t o r  o r  a combination of c a p a c i t o r s  form a s e c t i o n  of a 
PFN s i m i l a r  procedures  may be fo l lowed,  bu t  t h e  more complicated and 
i n d i v i d u a l  waveforms must be  taken  i n t o  account .  A p r a c t i c a l  and in -  
format ive  approximation i s  t o  r e p l a c e  t h e  d i s c h a r g e  t i m e ,  e ’  , of  t h e  
s i n g l e  c a p a c i t o r  case w i t h  ( t ’ / n ) ,  where now t ‘  i s  t h e  p u l s e  d u r a t i o n  
and n i s  t h e  number of s e c t i o n s  f o r  t h e  complete PFN. This  approximation 
i s  accep tab le ,  g iven  t h a t  i n  a PFN t h e  load  c u r r e n t  i s  n o t  provided 
s imul taneous ly  by a l l  s e c t i o n s ,  b u t  r a t h e r  one s e c t i o n  a t  a t i m e  p rov ides  
t h e  largest f r a c t i o n  of t h e  load  c u r r e n t .  Thus i n  t h e  case of a PFN, 
w e  may write:  
(Loss) PFN = 2 6  + [nR*C/(nR*C+t’) l  (A-5) 
where R*C i s  a cons t an t  of t h e  capac i t ance  p e r  s e c t i o n .  
C.  EVALUATION OF CAPACITOR LOSSES 
With e i t h e r  approximation Eq. ( A - 4 )  o r  Eq. (A-5), whichever i s  
more r e l e v a n t ,  w e  may proceed and eva lua te  t h e  l o s s e s  a s s o c i a t e d  wi th  
any g iven  c a p a c i t o r  f o r  a g iven  a p p l i c a t i o n .  The a p p l i c a t i o n  i s  n a t u r a l l y  
s p e c i f i e d  by t h e  d i s c h a r g e  d u r a t i o n ,  o r  p u l s e  d u r a t i o n , t ’  , and by t h e  
number, n ,  of s e c t i o n s  w e  d e s i r e  i n  a PFN. Moreover, any g iven  capaci-  
t o r  ( a s  w e l l  as a p a r a l l e r  and/or  series combination of g iven  c a p a c i t o r s )  
is  c h a r a c t e r i z e d  by t h e  two c o e f f i c i e n t s  6 and R*C. The f i r s t  i s  
n a t u r a l l y  t h e  loss  angle  of t h e  d i e l e c t r i c ,  wh i l e  t h e  c o n s t a n t  R*c (which 
has  t h e  dimensions of t ime)  is c h a r a c t e r i s t i c  of t h e  c a p a c i t o r  cons t ruc-  
t i o n ,  t h i c k n e s s  of t h e  e l e c t r o d e  f o i l ,  e tc .  
Before w e  proceed f u r t h e r ,  w e  would l i k e  t o  re la te  our  d e s c r i p t i o n  
of c a p a c i t o r  l o s s e s  w i t h  t h e  concept  of t h e  s o  c a l l e d  equ iva len t  s e r i e s  
r e s i s t a n c e  (ESR), which is used mostly i n  connec t ion  w i t h  s i n u s o i d a l  
waveforms. By d e f i n i t i o n ,  
D = wCR, (A-6)  
where D i s  t h e  power l o s s  f a c t o r  f o r  t h e  c a p a c i t o r .  R e l a t i o n  (A-6) ex- 
p r e s s e s  simply t h e  f a c t  t h a t  t h e  power l o s s  f a c t o r  i n  a c a p a c i t o r  i s  t h e  
r a t i o  of t h e  equ iva len t  series r e s i s t a n c e ,  
I n  our  own d e s c r i p t i o n  w e  s p l i t  t h e  power l o s s  f a c t o r ,  D .  For a capac i -  
t o r  s u b j e c t  t o  s i n u s o i d a l  waveforms, t h e  power l o s s   factor,^, has  two 
components. One is  t h e  d i e l e c t r i c  l o s s  a n g l e ,  6 ,  and t h e  second arises 
from t h e  ohmic r e s i s t a n c e  R* of t h e  conducting p a r t s  of t h e  c a p a c i t o r .  
t o  t h e  c a p a c i t o r  r eac t ance .  
Rs ’ 
81 
For s i n u s o i d a l  waveforms, t h e  pu re ly  ohmic l o s s  i s  g iven  by R * / ( l / d )  
which i s  t h e  r a t i o  of  t h e  p u r e l y  ohmic r e s i s t a n c e  t o  t h e  r e a c t a n c e  of 
t h e  c a p a c i t o r .  Thus : 
D : 6 + d R *  (A-7) 
A f t e r  combining Eqs. (A-6) and (A-7), w e  o b t a i n :  
R, = ( 6 / d )  + R *  
Accordingly,  w e  see t h a t  t h e  e q u i v a l e n t  series r e s i s t a n c e  i s  n o t ,  
(A-8) 
s t r i c t l y  speaking ,  t h e  ohmic r e s i s t a n c e  of a c a p a c i t o r .  Moreover, i t  i s  
frequency dependent and has  a w e l l  d e f i n e d  meaning bu t  on ly  f o r  s i n u -  
s o i d a l  waveforms. 
Regarding c a p a c i t o r  l o s s e s ,  manufac turers  s p e c i f y  a t  most t h e  
equ iva len t  series r e s i s t a n c e  a t  60 o r  120 Hz. T h i s  a t  b e s t ,  through 
Eq. (A-6), g i v e s  a measure of t h e  c a p a c i t o r  l o s s e s ,  on ly  when t h e  capac i -  
t o r  i s  used w i t h  s i n u s o i d a l  waveforms a t  t h e  s p e c i f i e d  frequency.  How- 
ever, the  d e t e r m i n a t i o n  of t h e  c a p a c i t o r  l o s s e s  i n  a p p l i c a t i o n s  of ou r  
i n t e r e s t  should  be c a r r i e d  o u t  accord ing  t o  e i t h e r  Eq. (A-4) o r  Eq. ( A - 5 ) ,  
and t h i s  r e q u i r e s  a knowledge of t h e  c o n s t a n t s  6 and R * C  . 
Thus, w e  proceed t o  e v a l u a t e  t h e s e  c o n s t a n t s .  A f i r s t  i d e a  may be  
obta ined  from in fo rma t ion  supp l i ed  by t h e  manufac turer .  Most manufac- 
t u r e r s  s p e c i f y  t h e  d i e l e c t r i c  used i n  t h e i r  c a p a c i t o r s  and t h e  c o r r e s -  
ponding d i e l e c t r i c  l o s s  a n g l e ,  a t  a g iven  f requency ,  u s u a l l y  60 Hz. 
Add i t iona l  i n fo rma t ion  may be ob ta ined  from handbooks on d i e l e c t r i c s .  
Furthermore,  manufac turers  may supply  in fo rma t ion  r ega rd ing  t h e  geometry 
of t h e i r  c a p a c i t o r s ,  t h e  e l e c t r o d e  f o i l  and t h e  e l e c t r o d e  connec t ions .  
T - -  riom this infor t r ia t ion,  a ve ry  rough idea of K* may be ob ta ined .  
I n  ou r  l a b o r a t o r y ,  w e  have der ived more r e l i a b l e  in fo rma t ion  on 
bo th  d i e l e c t r i c  and ohmic l o s s e s  using t h e  fo l lowing  methods. 
1. C a l o r i m e t r i c  Method 
Th i s  method is  i n  e s s e n c e  a f u l l - d r e s s  r e h e a r s a l .  The c a p a c i t o r  
under t es t  is  cyc led  (charge-d ischarge)  r e p e t i t i v e l y  w i t h  known 
v o l t a g e  and c u r r e n t  waveforms a t  known r e p  rates. The c a p a c i t o r  i s  
con ta ined  w i t h i n  a c a l i b r a t e d  a i r s t r e a m  c a l o r i m e t e r ,  a p p r o p r i a t e l y  
i n s u l a t e d .  I n  t h e  s t e a d y  s t a t e ,  t h e  power d i s s i p a t e d  i n  t h e  capac i -  
t o r  i s  e v e n t u a l l y  c a r r i e d  away by t h e  airstream and measured. The 
measured average  power l o s s ,  divided by t h e  known rep  ra te ,  d e t e r -  
mines t h e  e n e r g y , E ,  d i s s i p a t e d  i n  t h e  c a p a c i t o r  i n  a complete 
charge-d ischarge  p e r i o d .  Th i s  then may be r e l a t e d  t o  t h e  c a p a c i t o r  
loss c o n s t a n t s ,  6 and R * ,  as fol lows.  
Consider Eq.  (A-3), which gives  t h e  t o t a l  i n s t a n t a n e o u s  power 
l o s s  i n  t h e  c a p a c i t o r .  A f t e r  i n t e g r a t i o n  over  a complete p e r i o d ,  
w e  may o b t a i n :  
1 1 
Here, t h e  s u b s c r i p t  1 d e s i g n a t e s  any se t  of charge-d ischarge  wave- 
forms of ou r  cho ice ,  and hence t h e  i n t e g r a l s  are  known. I f ,  i n  
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a d d i t i o n  t o  Eq. (A-9), a n o t h e r  se t ,  s ay  No. 2 o f  a known waveform 
is  used and t h e  cor responding  energy l o s s  pe r  pe r iod  i s  measured, 
then: 
(A-10) 
where a g a i n  t h e  known waveforms are  i n t e g r a t e d  ove r  a complete  
charge-discharge per iod .  
Equat ions  (A-9) and (A-10) may be  so lved  s imul t aneous ly  t o  
y i e l d  t h e  d e s i r a b l e  l o s s  c o e f f i c i e n t s  6 and R *  f o r  any c a p a c i t o r  of 
o u r  i n t e r e s t .  I n  p r a c t i c e ,  more than  two sets of waveforms may be  
used and t h e  a d d i t i o n a l  equa t ions  may p rov ide  more accuracy  i f  de- 
s i r e d .  I n  our  exper imenta l  p rocedures ,  w e  used most ly  two sets of 
waveforms. One se t  was t h e  o r d i n a r i l y  a v a i l a b l e  60 Hz, s i n u s o i d a l ,  
a t  va r ious  v o l t a g e s  up t o  1000 v o l t s .  The second set w a s  a slow 
charge,  f a s t  d i s c h a r g e  r o u t i n e  ( d i s c h a r g e  t i m e s  of t h e  o r d e r  of  
100 microseconds)  a t  any d e s i r a b l e  r e p  ra te  up t o  60 pps. The v a r i -  
ous c a p a c i t o r s  under test handled powers ranging  from a few hundred 
w a t t s  t o  10 k i l o w a t t s  and t h e  measured power l o s s e s  ranged between 
a f e w  p a r t s  p e r  t e n  thousand t o  a few pe rcen t .  R e p r e s e n t a t i v e  re- 
s u l t s  w i l l  b e  p re sen ted  s h o r t l y  i n  t a b l e s .  
The c a l o r i m e t r i c  method under c o n s i d e r a t i o n  h e r e  i s  ve ry  de- 
s i r a b l e ,  s i n c e  i t  i s  as c l o s e  t o  a c t u a l  c o n d i t i o n s  as i s  p o s s i b l e  
i n  a l a b o r a t o r y .  However, t h e  method h a s  i t s  l i m i t a t i o n s ,  e s p e c i a l l y  
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i n  t h e  e v a l u a t i o n  of c a p a c i t o r s  w i t h  r e l a t i v e l y  small  l o s s e s .  
snch cases, the time required f e r  steady state i s  i n ~ p r a c t i c a l l y  
long  (e.g., one o r  a few days)  and hour-to-hour o r  day-to-day 
tempera ture  d r i f t s  may i n t e r f e r e .  Moreover, c a l o r i m e t e r s  of t h i s  
t ype  are n o t  ve ry  r e l i a b l e  when power l o s s e s  lower than  one o r  a 
few w a t t s  are cons idered .  
I n  
2. S i g n a l  Method 
Th i s  method i s  d i s t i n g u i s h e d  from t h e  c a l o r i m e t r i c  method by 
t h e  f a c t  t h a t  t h e  waveforms used i n  t h e  c a p a c i t o r  c o n t a i n  powers 
which are o r d e r s  of magnitude l o w e r .  Here, i n  e s sence ,  t h e  
c a p a c i t o r  under test  becomes one of t h e  a r m s  of a s e n s i t i v e  b r i d g e  
which, when d r i v e n  by a s i n u s o i d a l  s i g n a l ,  measures t h e  a p p r o p r i a t e  
phase d i f f e r e n c e  between c u r r e n t  and vo l t age .  T h i s ,  i n  t u r n ,  i s  
d i r e c t l y  i d e n t i f i e d  wi th  t h e  power l o s s  f a c t o r ,  D ,  o c c u r r i n g  i n  
e i t h e r  Eq. (A-6) o r  Eq. (A-7). 
Of p a r t i c u l a r  i n t e r e s t  here  i s  Eq. (A-7), which r e p r e s e n t s  a 
s t r a i g h t  l i n e  i f  t h e  measured values  of D are p l o t t e d  as a f u n c t i o n  
of f requency.  C l e a r l y ,  t h e  i n t e r c e p t  of t h i s  s t r a i g h t  l i n e  i s  a 
measure of  t h e  d i e l e c t r i c  l o s s  angle ,  wh i l e  from t h e  s l o p e  w e  may 
de termine  t h e  r e s i s t a n c e ,  R * ,  of any known c a p a c i t o r , C .  
I n  our  l a b o r a t o r y  p r a c t i c e ,  w e  employ an  a c c u r a t e  b r i d g e  
(General  Radio Impedance Bridge, t y p e  1608-A) wi th  t h e  a p p r o p r i a t e  
m o d i f i c a t i o n  f o r  e x t e r n a l  d r i v e  by a s t a b l e  o s c i l l a t o r ,  a t  any 
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d e s i r a b l e  f requency.  Usual ly  t h e  f r e q u e n c i e s  between 1 0  and l o 4  Hz 
are  t h e  most u s e f u l .  F u r t h e r  p r o v i s i o n s  are made f o r  dc-b ias ing  of 
c a p a c i t o r s  up t o  500 v o l t s .  Th i s  i s  necessa ry  f o r  t h e  e v a l u a t i o n  
of  e l e c t r o l y t i c  c a p a c i t o r s  by t h e  s i g n a l  method. 
Examples of c a p a c i t o r  e v a l u a t i o n  by t h e  s i g n a l  method are 
i l l u s t r a t e d  i n  f i g s .  A-1, A-2 and A-3, r e s p e c t i v e l y  f o r  a ve ry  good, 
a n  a c c e p t a b l e  and a v e r y  l o s s y  c a p a c i t o r .  A l t e r n a t i v e l y ,  t h e s e  
c a p a c i t o r s  a r e  g e n e r a l l y  c h a r a c t e r i z e d  a s  Type ( a ) ,  (b)  and ( c ) ,  as 
d i scussed  e a r l i e r .  I n  t h e  tests of t h e  e l e c t r o l y t i c  c a p a c i t o r s ,  
see f i g .  A-3, a dc  b i a s  w a s  used,  bo th  a t  6 and a t  300 v o l t s ,  with-  
o u t  n o t i c e a b l e  d i f f e r e n c e s .  
The g r e a t  a t t r a c t i o n  of t h e  s i g n a l  method i s  t h a t  t h e  l o s s  
c o e f f i c i e n t s  of a c a p a c i t o r  (both  d i e l e c t r i c  and ohmic) may be  de- 
termined wi th  adequate  r e l i a b i l i t y  i n  a matter of a few minutes .  
Na tu ra l ly ,  a s u f f i c i e n t l y  s e n s i t i v e  and a c c u r a t e  b r i d g e  must be  
a v a i l a b l e  and a few m o d i f i c a t i o n s  are necessa ry  f o r  e x t e r n a l  f r e -  
quency d r i v e  and f o r  dc  b i a s .  Moreover, t h e  dependence of t h e  
d i e l e c t r i c  l o s s  on frequency i s  e a s i l y  d e t e c t e d  by s e r i o u s  d e v i a t i o n s  
of  t h e  measured power l o s s  f a c t o r  from t h e  s t r a i g h t  l i n e  behav io r  
desc r ibed  by Eq. (A-7) and i l l u s t r a t e d  i n  f i g s .  A-1, A-2, and A-3. 
The l i m i t a t i o n s  of t h e  s i g n a l  method a re  f e l t ,  as expec ted ,  
wi th  t h e  very  good c a p a c i t o r s  which have ve ry  s m a l l  d i e l e c t r i c  and 




















C =  20 microforads 
6 =  2 x R *  = 8 x ohms 
R*C = 0.16 microseconds 
2 4 
Frequency,  kilocycles /sec 
6 
Figure A-1 POWER LOSS FACTOR VERSUS FREQUENCY 
G.E. Capacitor, (Polycarbonate 
Film, Extended Foil). 
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- C = 50 microfarads 
6 = 4 x 
R*C = 4.5 microseconds 
- 
R* = 9 x I 0-2 ohms 
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Frequency, kilocycles/ second 
Figure A-2 POWER LOSS FACTOR VERSUS FREQUENCY 
G.E. Capacitor, (Paper Dielectric, N o  Extended Foil) 
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c = I150 microfarads 
6 = 4 x R* = 8.5 x ohms 








Figure A-3 POWER LOSS FACTOR VERSUS FREQUENCY 
Sprague, Electrolytic Capacitor 
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D. SUMMARY OF RESULTS 
F i r s t ,  w e  wish t o  compare r e s u l t s  ob ta ined  by t h e  c a l o r i m e t r i c  
method wi th  t h e  cor responding  r e s u l t s  ob ta ined  by t h e  s i g n a l  method. 
Th i s  comparison i s  made i n  t a b l e  A - I ,  where t h e  e n t r i e s  a r e  l a b e l e d  
Type (a )  o r  (b) acco rd ing  t o  o u r  g e n e r a l  c l a s s i f i c a t i o n ,  d i s c u s s e d  
ear l ier .  For  each e n t r y ,  a l s o ,  w e  s p e c i f y  t h e  manufac turer  and t h e  
v a l u e  of t h e  capac i tance .  Then t h e  d i e l e c t r i c  l o s s  a n g l e s  and t h e  
ohmic r e s i s t a n c e s  are compared and, f i n a l l y ,  average  v a l u e s  a re  ob ta ined  
f o r  both t h e  d i e l e c t r i c  l o s s  and f o r  t h e  t i m e  c o n s t a n t ,  c h a r a c t e r i s t i c  
of  t h e  ohmic l o s s e s .  
t o  speak,  a t  l eas t  as good as t h e  s p e c i a l  components used i n  a n  
accurate, s e n s i t i v e  and ve ry  s o p h i s t i c a t e d  b r idge .  
For t h e  f i r s t  two e n t r i e s ,  no c a l o r i m e t r i c  d a t a  could be  ob ta ined  
because of t oo  s m a l l  l o s s e s .  The agreement between t h e  two methods i s  
n o t  e x c e l l e n t ,  b u t  should  b e  cons ide red  s a t i s f a c t o r y  s i n c e  most of t h e  
c a p a c i t o r s  under comparison have r a t h e r  s m a l l  l o s s e s  which may n o t  be  
determined wi th  h igh  accuracy .  
i s  much b e t t e r  t han  f o r  t h e  d i e l e c t r i c  l o s s e s . )  
(The agreement r e g a r d i n g  t h e  ohmic l o s s e s  
The s u b s t a n t i a l  d i f f e r e n c e s  appea r ing  i n  t h e  d i e l e c t r i c  l o s s e s  are 
n o t  t o t a l l y  unexpected. 
a n g l e  as independent  of f requency  and tempera ture .  
n o t  t r u e ,  and i n  ou r  tests,  a t empera tu re  dependence may ve ry  w e l l  e n t e r  
I n  ou r  e v a l u a t i o n ,  w e  t rea t  t h e  d i e l e c t r i c  l o s s  
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i n  t h e  c a l o r i m e t r i c  method, w h i l e  f requency dependence i s  obv ious ly  
r e l e v a n t  i n  bo th  methods. 
With t h e  mentioned u n c e r t a i n t i e s  i n  mind, w e  proceeded t o  e v a l u a t e  
a l a r g e  number of v a r i o u s  c a p a c i t o r s  of a l l  t h r e e  types :  ( a ) ,  (b)  and 
( c ) .  We a p p l i e d  most ly  t h e  s i g n a l  method and used t h e  c a l o r i m e t r i c  
method f o r  o c c a s i o n a l  checks.  Our r e s u l t s  may be g e n e r a l i z e d  by t h e  
parameters  t a b u l a t e d  i n  t a b l e  A-I1 below: 
TABLE A-l l  
RELATIVE DIELECTRIC AND OHMIC LOSSES FOR 
THREE GENERALIZED TYPES OF CAPACITORS 
Capac i to r  
-__ 
Type ( a >  0.02 t o  0.2 0.2 t o  0.5 
Type (b )  0.4 t o  0.8 2.0 t o  5.0 
Type ( c )  4.0 t o  6.0 
These r e s u l t s  a re  v a l i d  f o r  f r e q u e n c i e s  from 1 0  t o  l o 4  Hz and 
temperatures  i n  t h e  v i c i n i t y  o f  room temperature .  A t  h i g h e r  temper- 
a t u r e s  t h e  ohmic l o s s e s  do n o t  change a p p r e c i a b l y .  The same is  t r u e  
f o r  lower temperatures ,  except  f o r  t h e  l o s s e s  of e l e c t r o l y t i c  c a p a c i t o r s ,  
which i n c r e a s e  s h a r p l y .  
Consider now t h e  a p p l i c a t i o n  of t h e  c a p a c i t o r s  i n  q u e s t i o n  i n  t h e  
case of a p u l s e  forming network w i t h ,  s a y ,  n = 5 s e c t i o n s ,  and wi th  a 
p u l s e  d u r a t i o n  of t h e  o r d e r  of  a m i l l i s e c o n d .  From Eq. (A-5 )  and t h e  
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r e s u l t s  of t a b l e  A-11, w e  see t h a t  t h e  re la t ive l o s s e s  of Type ( a ) ,  (b)  
and (c j  c a p a c i t o r s  are r e s p e c t i v e i y  less than  I p e r c e n t ,  about  I p e r c e n t  
and w e l l  above 10  percent .  Thus, f o r  a p p l i c a t i o n s  of ou r  i n t e r e s t  and 
from t h e  viewpoint  of l o s s e s ,  t h e  c a p a c i t o r  t y p e s  under c o n s i d e r a t i o n  
may b e  c l a s s i f i e d  as ve ry  good, accep tab le  and ve ry  l o s s y .  
It must be  noted  h e r e  t h a t  a c a p a c i t o r  w i th  low l o s s e s  does no t  
n e c e s s a r i l y  have a l o w  energy dens i ty .  It is  t r u e  t h a t  t h e  G.E. 
c a p a c i t o r s ,  i n  t h e  f i r s t  and f o u r t h  e n t r y  of t a b l e  A-I, are heavy, b u t  
t h e s e  c a p a c i t o r s  have been designed f o r  f a s t  SCR commutation duty  and 
n o t ,  s t r i c t l y  speaking ,  f o r  energy s to rage .  However, n o t e  t h a t  t h e  
Maxwell c a p a c i t o r s ,  i n  t h e  second and t h i r d  e n t r i e s  of t a b l e  A - I ,  have 
low l o s s e s  and a t  t h e  same t i m e  t h e i r  cor responding  energy d e n s i t i e s  
are 1 2 5  and 64 j o u l e l l b .  
I n  conclus ion ,  t h e  l o s s e s  of a c a p a c i t o r  are determined p r i m a r i l y  
by t h e  materials and c o n s t r u c t i o n  d e t a i l  and s e c o n d a r i l y  by t h e  con- 
templated a p p l i c a t i o n .  This  problem i s  i n  p r i n c i p l e  uncoupled and,  t o  
a good extent, may be  t r e a t e d  s e p a r a t e l y  from t h e  problem of  energy 
dens i t  y . 
E. SPECIFIC WEIGHT AND LIFE-EXPECTANCY CONSIDERATIONS 
The q u e s t i o n  of s p e c i f i c  weight ,  o r  energy d e n s i t y ,  of commercially 
a v a i l a b l e  c a p a c i t o r s  i s  now considered.  
be  much less a n a l y t i c a l l y  t r a c t a b l e  and more inadequa te ly  documented 
t h a n  t h e  problem of l o s s e s .  
We have found t h i s  problem t o  
Empir ical  documentation is  e s p e c i a l l y  poor ,  
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when t h e  s p e c i f i c  weight  problem is  coupled t o  t h e  q u e s t i o n  of l i f e  
expectancy,  i n  terms of t o t a l  number of p u l s e  d i scha rges .  Here, d a t a  
on l i f e  expectancy,  up t o  l o 3  t o  l o 4  p u l s e s ,  appear  t o  be  f a i r l y  w e l l  
documented and are r e l a t i v e l y  easy  t o  check. However, no real  tes t  d a t a  
appear  t o  be  a v a i l a b l e ,  r ega rd ing  t h e  l i f e - expec tancy  ve r sus  vol tage-  
d e r a t i n g  r e l a t i o n ,  f o r  l i f e  expec tanc ie s  up t o  o r  beyond 1 0  p u l s e s .  7 
Most manufac turers  have l i m i t e d  t es t  d a t a ,  mos t ly  a t  much lower 
l i f e  expec tanc ies .  They appear  t o  e x t r a p o l a t e  t o  h i g h e r  numbers of 
p u l s e s ,  mainly on t h e  b a s i s  of b e t t e r  known r e l a t i o n s ,  r e g a r d i n g  dc  
l i f e  expec tanc ies .  The v a l i d i t y  of t h i s  e x t r a p o l a t i o n ,  f o r  t h e  case 
of pu lse-d ischarge  du ty ,  i s  ve ry  much i n  doubt ,  w i t h  t h e  u n c e r t a i n t i e s  
becoming i n c r e a s i n g l y  l a r g e r  as t h e  t o t a l  number of p u l s e s  i n c r e a s e s .  
It i s  a l s o  t r u e  t h a t  t h e  l i f e  expectancy f o r  pu lse-d ischarge  du ty  
is  a poorly known f u n c t i o n  of s e v e r a l  a d d i t i o n a l  c o n s t r a i n t s ,  such  a s  
v o l t a g e  reversal p e r  d i s c h a r g e ,  p u l s e  d u r a t i o n ,  r e p  ra te ,  ambient 
tempera ture ,  etc.  Accordingly,  g e n e r a l i z a t i o n s  are n o t  a v a i l a b l e  and 
may no t  be  e a s i l y  e s t a b l i s h e d  wi thou t  a r a t h e r  e x t e n s i v e  and expens ive  
test  e f f o r t .  
General ly  speaking ,  s p e c i f i c  we igh t s  as small as 0.01 t o  0.02 l b /  
j o u l e  (or  50 t o  100 j o u l e / l b )  appear  f e a s i b l e  acco rd ing  t o  c l a ims  of  
r e p u t a b l e  manufac turers .  Examples a r e  t h e  c a p a c i t o r s  i n  t h e  second and 
t h i r d  e n t r y  of t a b l e  A - I .  The c o n d i t i o n s  a t t a c h e d  t o  t h e  mentioned 
s p e c i f i c  weights  are s t o r a g e  a t  a few k i l o v o l t s  and o p e r a t i o n  w i t h  less 
L 
t h a n  20 pe rcen t  v o l t a g e  r e v e r s a l  a t  room tempera tures .  
d i t i o n s ,  a l i f e  expectancy i n  the  range 5 x IO3 to IO4 pr?lses i s  con- 
s i d e r e d  p o s s i b l e ,  w i th  a r e l i a b i l i t y  f i g u r e  of about  90 pe rcen t .  
Under such con- 
Any d e v i a t i o n  from t h e  aforementioned c o n d i t i o n s  t ends  t o  reduce  
t h e  l i f e  expectancy,  o r  a l t e r n a t i v e l y ,  t o  i n c r e a s e  t h e  s p e c i f i c  weight .  
The tempera ture  dependence is  p a r t i c u l a r l y  s e n s i t i v e ,  and t h e  l i f e  
expectancy i s  s h a r p l y  reduced,  as t h e  tempera ture  i n c r e a s e s  even by few 
t e n s  of degrees  cen t ig rade .  
A s  mentioned, l i f e  expectancy may be inc reased ,  v i r t u a l l y  in -  
d e f i n i t e l y ,  provided t h a t  t h e  c a p a c i t o r  is  d e r a t e d  i n  charg ing  v o l t a g e .  
Most r e p u t a b l e  manufac turers  suggest  t h a t  an  ex tens ion  of l i f e  expectancy 
by two o r d e r s  of  magnitude may be  accomplished when t h e  charg ing  v o l t a g e  
is lowered by a f a c t o r  of 2. A l t e r n a t i v e l y ,  t h i s  means a d e r a t i n g  of  
t h e  s p e c i f i c  weight by a f a c t o r  of 4 .  However, r e f e r  t o  t h e  remarks 
made earlier i n  t h i s  s e c t i o n ,  regard ing  t h e  c r e d i b i l i t y  and t h e  d i f f i c u l -  
t ies  of e s t a b l i s h i n g  t h e  r e l a t i o n s h i p  between l i f e  expectancy and s p e c i f i c  
weight .  
I n  conc lus ion  then ,  accord ing  t o  t h e  p r e s e n t  s t a t e  of t h e  a r t  f o r  
commercially a v a i l a b l e  c a p a c i t o r s ,  an ex tens ion  of t h e  p u l s e  l i f e  ex- 
8 pec tancy  from t h e  l o 3  - l o 4  range t o  t h e  l o 7  - 10 range w i l l  r e q u i r e  
a v o l t a g e  d e r a t i n g  by a f a c t o r  of  4 ,  o r  a l t e r n a t i v e l y ,  an  energy d e n s i t y  
r e d u c t i o n  by a f a c t o r  of 16. I n  o the r  words, numbers such as 3 t o  
6 j o u l e / l b  would be  r e l e v a n t .  
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So f a r ,  o u r  remarks about  s p e c i f i c  weight  r e f e r  t o  t h e  less l o s s y  
types  of c a p a c i t o r s ,  i n  t a b l e  A-11 ,  e s p e c i a l l y  t o  Type ( a ) ,  which a re  
a l s o  compatible  w i t h  h igh  r e p  rates and h ighe r  power d e n s i t i e s .  For  
e l e c t r o l y t i c  c a p a c i t o r s ,  s p e c i f i c  weights  as low as 0.01 l b / j o u l e  a re  
a c c e p t a b l e  f o r  d c  du ty ,  i n  power-supply f i l t e r  a p p l i c a t i o n s .  However, 
s p e c i f i c  weight  r a t i n g s  and l i f e -expec tancy  d a t a  are g e n e r a l l y  n o t  
a v a i l a b l e  f o r  e l e c t r o l y t i c  c a p a c i t o r s  i n  p u l s e  d i s c h a r g e  duty .  These 
c a p a c i t o r s  are t o o  lo s sy  f o r  such du ty ,  u n l e s s  t hey  are d i scha rged  i n  
t i m e s  much longe r  than  a mi l l i s econd .  (See E q .  (A-5) and t a b l e  (A-11.) 
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